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This thesis is a report of investigation on resonance-enhanced absorption
of light in ultra-thin optically lossy films on metal substrates for gas sens-
ing applications. Planar thin-film structures comprising lossy coatings on
metal substrates with a film thickness far less than the wavelength of the
probing light form sub-wavelength thickness asymmetric Fabry-Perot res-
onators. Recently, it was demonstrated that under suitable illumination
conditions such thin-film structures can sustain wave-interference effects
which lead to significant enhancement in the light absorption inside the
ultra-thin coatings. We have proposed that, if such thin-film structures are
made of gas sensitive materials then the resonance enhanced absorption fea-
ture can be used for gas sensing applications. Experimental investigations
on three kinds of lossy thin-film cavities studied in this thesis demonstrate
that the proposed sensing scheme can adopt polymers, metal-oxides and
metal-organic frameworks as the sensing materials, and utilize changes in
their film thickness, refractive index and absorbance to generate measurable
shifts in the reflection spectra of the samples.
Wave interference effects in transparent films with thickness greater than
quarter-wavelength of the probing light have been studied since 1665, but
similar effects were not observed in sub-wavelength thickness lossy films un-
til 2012 due to lack of suitable mechanisms to sustain wave interferences [1].
Future applications of thin-film structures exhibiting wave interference ef-
fects in lossy films would require a comprehensive understanding of the roles
of key parameters: absorbance, film thickness, metal substrates and illumi-
nation conditions. We have explored such parameters using angle-resolved
reflection spectroscopy and transfer matrix method. The reflection spectra
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of such thin-film structures show strong dependence on the polarization and
the angle of the incident light, for weakly lossy films. Metal substrates play
a key role by providing a non-trivial, close to 2π reflection phase-shift, and
also participate in energy dissipation.
In the context of gas sensing applications, thin-film structures made of dye-
doped polyvinyl alcohol, sub-stoichiometric titanium-dioxide and HKUST-
1 metal-organic framework films on various metal substrates were selected
to study their response towards water-vapour and carbon-dioxide. The
motivation to adopt these sensing materials was to determine the wide
applicability of the proposed sensing scheme. Two of these materials pos-
sess native optical losses, and hence have not been studied in asymmetric
Fabry-Perot cavity configuration in the past. In contrast, the dye-doped
polymer system is representative of composite media where a transparent
gas sensitive dielectric host is made lossy by using dye molecules demon-
strating that the existing knowledge of transparent sensing materials can
be transferred to this sensing scheme with some alterations. In addition,
the dye-doped polymer films on silver substrates exhibit coupling between
weak Fabry-Perot resonances and the dye-molecular excitations leading to
an interesting absorption behaviour that has been analysed in detail in this
thesis. Finally, the sensing response of HKUST-1 films based sensors indi-
cate that changes in film absorbance make the data analysis more complex
than that of transparent films based systems and future implementation
of this sensing scheme would require suitable algorithms to extract useful
information from the measured spectral shifts.
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Over the past few decades the field of gas sensing has emerged as a multidisciplinary
science and technology platform expanding over optics, solid-state physics, chemistry,
biology and computer science [2–7]. The web of science publication statistics on number
of research articles published each year in the field of gas sensing indicates 23 times
rise over the last 24 years (Fig. 1.1). The field has grown into 1.78 billion dollars
industry to meet the need for portable devices to detect explosives gases, pollutants,
drugs and hazardous gases in industrial spaces [8]. Detection of each class of gases
Figure 1.1: Number of publications related to gas sensing over the
last 24 years, as indicated by web of science data.
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presents a unique set of challenges, for example, on one hand, for sensing explosive
gases fast detection of trace amounts is of utmost importance; on the other hand, while
monitoring air pollutants the response time can have a larger margin but the baseline
stability becomes more important. As a result, the field of gas sensing is evolving in a
multipronged fashion where some researchers dedicate their efforts towards developing
sensors for a class of gases, others work on sensing materials which can be adopted in
various sensing schemes [2–4, 9, 10]. Many groups specialize in optimizing algorithms
for data processing for drift corrections and multiple analyte detection and various
labs engage in testing novel sensing platforms for a variety of candidate gases [5, 11].
The field is open to researchers studying novel sensing platforms, sensing materials,
improvements in existing sensors, and computational techniques for interpretation and
analysis of the sensor output in real-time.
The scope of this thesis aligns with the need to investigate novel sensing platforms to
bridge the gap between recent discoveries and existing gas sensing technology (schemat-
ically depicted in in Fig. 1.2). Some recent advancements in the field of nanophotonics
can offer novel solutions to a few long-standing challenges in the field of gas sensing
which are fast-detection, high-sensitivity, small device size and low cost of fabrications
and maintenance. In particular, wave interference effects at sub-wavelength scales is
yet to be investigated for gas sensing applications [1]. If a suitable scheme is devised to
harness these wave-interference effects then they can be used for improving sensitivity,
response-time and selectivity of thin-film based gas sensors. In this context, simple
planar thin-film structures comprising lossy thin-films on metal-substrates, as shown
in Fig. 1.3, which constitute a novel sensing platform, are investigated for gas sensing
applications.
Figure 1.2: The field of gas sensing is developing in a multi-pronged
way which is depicted here.
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Figure 1.3: Schematic showing polarized white light interrogating
a thin-film structure comprising an ultrathin lossy film on a metal-
substrate, where the lossy material can be dye-doped polymer, or sub-
stoichiometric titanium dioxide, or HKUST-1 metal-organic frame-
work.
Now coming to the origin, background and description of the sensing platform
investigated in this work. In 2012, an interesting finding came to highlight which
showed that films as thin as 15 nm can absorb more than 80% of the incident light
by sustaining thin-film interference effects [1]. In Ref. [1], Kats et al demonstrated
that germanium coatings of thickness much less than quarter-wavelength (5 to 20
nm) can sustain strong wave interference effects in the presence of metal substrates.
In order to understand the significance of this discovery, it is important to visit the
fundamentals of thin-film resonances. Traditionally, thin-film resonators consists of two
highly reflective interfaces separated by a transparent dielectric medium of thickness
greater than quarter-wavelength. When light reflects from such thin-film structures,
the waves reflected form the top (air-film) and the bottom (film-substrate) interfaces
interfere. Reflection of light from an interface between two transparent dielectric media
offers a phase shift of 0 or π. So in order to satisfy the conditions for constructive
or destructive interference the film thickness needs to be greater than or equal to
quarter-wavelength to provide an additional phase π by means of propagation. In
such systems if the film thickness is less than λ/4 then the wave interference effects
are lost due to lack of sufficient phase and if the films are thick and optically lossy
then the light gets attenuated. These restrictions are fundamental to thin-film based
resonators and as a result, until this discovery, the research on thin-film interference
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effects stayed confined to relatively thick films made of transparent dielectric media.
Kats et al argued that, if both the restrictions, one on the transparency and other on
the minimum thickness, are violated simultaneously, then it is possible to sustain strong
thin-film interference effects in the presence of metal substrates. Because in case of
metal-dielectric interfaces the reflection phase shift is not restricted to 0 and π, in fact
it can become close to 2π and hence sub-wavelength thickness is sufficient to provide
the required propagation phase. The lossy nature of the film, the sub-wavelength
thickness and close to 2π phase shift from the metal-dielectric interface together create
a unique system for sustaining strong interference effects in lossy ultrathin films. As a
consequence, ultrathin films on metal-substrates exhibit unusually high absorption of
light, under certain illumination conditions; this can also be viewed as enhancement
of light absorption in sub-wavelength coatings by exploiting strong wave interference
effects.
The concept of using thin-film resonance for enhancing light absorption in ultrathin
coatings on a metal substrate is central to this thesis and from here onwards is referred
to as resonance-enhanced absorption of light. So far, this concept has been ap-
plied to design super absorbers using highly lossy germanium coatings of thickness as
low as 15 nm for optoelectronic, surface photo-catalysis and energy harvesting appli-
cations [1, 12, 13]. There is plenty of scope to expand this research to other dielectric
media in which optical losses are controlled or engineered for different applications. In
addition, this discovery brings several interesting and pertinent questions that need
to be answered in order to gain better understanding and control of this unusually
high absorption of light in thin-films. To what extent does the metal substrate affect
the resonance-enhanced absorption in a lossy coating? What are the different kinds of
materials that can be used to observe such effects? Is the effect accessible to various
polarizations of light? Is it possible to design narrow band super absorbers? How crit-
ical is the angle of illumination? Can this effect be used for gas sensing applications?
If yes, then what is the optimum film thickness for achieving high sensitivity? A great
research effort will be required to arrive at comprehensive and conclusive answers for
these questions. This research project derives its motivation from these curiosities.
The investigations presented in the following chapters are an attempt to understand
the nature of sub-wavelength thickness lossy open-cavity Fabry-Perot resonators and
their applications as gas sensors.
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If made of gas sensitive materials, ultrathin lossy films on metal substrates would
form a new class of optical gas sensors that are open to a wider range of sensing ma-
terials and have a potential for better performance. Traditional thin-film resonators
support maxima and minima in their transmission, reflection and absorption spectra
that are sensitive to the thickness and refractive index of the thin-film. If the thin-film
resonators are made of gas sensitive materials then they can respond to the presence
of target molecules via changes in the film thickness and/or refractive index which
cause spectral shifts. This idea has been very well investigated for gas sensing applica-
tions [14–16]. However, the conventional thin-film resonators have been restricted to
transparent dielectric films of thickness greater than wavelength of the probing light,
typically of the order of a few microns. These restrictions limit the choice of gas sens-
ing materials to transparent dielectrics, affect the response-time and sensitivity of the
sensors. In addition, for some sensing materials the fabrication cost and time correlates
with thickness of the coatings. In this context, sub-wavelength thickness optically lossy
resonators provide an attractive alternate platform to exploit wave interference effects
for gas sensing applications and have been studied in this thesis.
Specifically, open cavity resonators made of three different sensing materials are
discussed in subsequent chapters: dye-doped polymers, sub-stoichiometric titanium
dioxide and surface mounted HKUST-1 metal-organic framework (Fig. 1.3) to represent
three important classes of gas sensing materials: polymers, metal-oxides and metal-
organic frameworks. Water-vapour and carbon-dioxide are selected as the target species
to activate three different kinds of sensing mechanisms: swelling of the sensing layer,
simple adsorption of the target molecules on the sensing layer and reversible weak-
bonding between the target molecules and the sensing layer.
The first system, which comprises a dye-doped polymer coating on a silver sub-
strate, presents a unique platform to study resonance-enhanced absorption of light
where the dye molecules act as the light absorbing agents and also provide an addi-
tional resonance, i.e., dye-molecular excitation, in the system. When illuminated with
linearly polarized light incident at grazing angles (as depicted in the Fig. 1.3), the dye
molecular excitations can be coupled to the thin-film resonances which results in strong
enhancement in the dye absorption. Owing to the coupling between the resonances, the
dye-doped polymer coating whose absorption is not very sensitive to the film-thickness
(d) and refractive index n, becomes highly sensitive to these parameters. Since, n and d
of the polymer coatings can be altered upon exposure to certain molecules, the absorp-
tion spectra of these thin-film structures show dramatic spectral changes in response
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these molecules. So, dye-doped polymer coatings of certain thicknesses can form gas
sensors under suitable illumination conditions.
Coming to the other two materials, sub-stoichiometric titanium dioxide and HKUST-
1, they share some common features which are different from the dye-doped polymer
system. Unlike the dye-doped polymer cavities which use external absorbing agents,
these two materials possess native optical losses which can be utilized for observing
resonance-enhanced absorption of light. While the absorption peak of the dye-doped
cavity is determined by the dye-molecules, the cavities made of the other two materials
exhibit more flexibility in their absorption properties. Also, both of these materials
respond to the target gases by change in their refractive indices, instead of change in
the film thickness like the polymer films. The sensing mechanism involving changes in
the imaginary part of the refractive index of a thin-film sustaining wave interference
effects has not been investigated before, which gives an opportunity to study some
novel effects en route to developing practical gas sensors.
1.2 Thesis Organization
The structure of thesis is as follows:
• Chapter 1 consists of an overview of the thesis. It includes the motivations for
the project, an outline of the the thesis, and list of conference presentations and
publications associated with this work.
• Chapter 2 presents a review of the optical gas sensors and sensing materials. The
first part of the chapter reviews optical techniques that have been investigated
for gas sensing applications. The second part presents a brief discussion on pop-
ular sensing materials; this guides the choice of materials used for investigations
presented in the following chapters.
• Chapter 3 begins with the basic concepts related to propagation of light in asym-
metric Fabry-Perot resonators and leads on to a discussion on the concept of
resonance-enhanced absorption of light in ultrathin lossy cavities.
• Chapter 4 discusses resonance-enhanced absorption of light in dye-doped poly-
mer coatings on silver substrates. The central concept of the chapter is that
weak coupling between dye-molecular excitations and open Fabry-Perot cavity
resonances can lead to significant enhancement in the dye absorption. The cou-
pling of resonances is highly sensitive to the thickness and refractive index of the
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polymer film cavity and hence can be used for sensing vapours which can cause
the polymer film to swell. The first of the part of the chapter covers the role of
illumination conditions, effect of film thickness and dye-concentration in achiev-
ing resonance-enhanced absorption of light in a controlled fashion. The second
half describes a proof-of-concept humidity sensor which utilizes the resonance
absorption feature of this ultrathin dye-doped open cavity system.
• Chapter 5 extends this sensing platform to thin-film structures which consists
of weakly lossy sub-stoichiometric titanium dioxide thin-films on various metal
substrates. In order to establish the wider applicability of the sensing platform
it is essential to verify that these ultrathin lossy cavity sensors can detect small
changes in the refractive index of the sensing layer which are more difficult detect
when compared with swelling of the polymer films. This aspect of the sensor was
tested by studying the response of titanium dioxide based sensors towards carbon-
dioxide and water vapour. This thin-film structure also presents an opportunity
to experimentally investigate the effect of film thickness on the sensor response.
• Chapter 6 explores the possibility of using metal-organic framework (MOF) thin
films to form open cavity resonators and their potential gas sensing ability. The
chapter describes two methods of fabricating HKUST-1 MOF thin films on silver
substrates: layer-by-layer assembly and spray method. HKUST-1 films prepared
by both the methods are characterized using scanning electron microscopy, ellip-
sometry and Fourier-transform infrared spectroscopy. In addition, angle-resolved
reflection spectroscopy is employed to confirm that these samples indeed support
thin-film resonance. Also, MOF coated metal-dielectric-metal cavities are studied
to establish that MOF layers can enhance the sensitivity of thin-film resonators
by acting as selective molecular receptors. Humidity and carbon-dioxide response
of these samples show that the refractive index of MOF coatings can undergo a
significant change upon interaction with guest molecules.
• Chapter 7 summarizes the findings of this thesis and presents an outlook on the
use of ultrathin lossy cavities for gas sensing applications.
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1.3 Research Outcomes
Aspects this work have been presented and published as follows:
Articles
• M. Kumari, B. Ding and R. Blaikie, Enhanced resonant absorption in dye-doped
polymer thin-film cavities for water vapor sensing, Sensors and Actuators B,
No.231, pp.88-94, 2016.
• M. Kumari, B. Ding and R. Blaikie, Relative humidity sensing using dye-doped
polymer thin-films on metal substrates, Proceeding of SPIE Micro+Nano
Materials, Devices, and Applications, Vol.9668, 2015.
• M. Kumari, B. Ding and R. Blaikie, Resonant absorption in dielectric thin films
for humidity sensing, International Journal of Nanotechnology, Vol. 14,
2017.
Conference Presentations (presenter in bold)
• M. Kumari, B.Ding and R. Blaikie,Resonant absorption in titanium-oxide thin
films for carbon-dioxide sensing, Eighth International Conference on Advanced
Materials and Nanotechnology (AMN-8), 12-16 February, 2017, Queenstown,
New Zealand, Oral Presentation.
• M. Kumari, B.Ding and R. Blaikie, Relative humidity sensing using dye-doped
polymer thin-films on metal substrates,SPIE Micro+Nano Materials, Devices,
and Applications, 6-9 December, 2015, Sydney, Australia, Oral Presentation.
• M. Kumari, B.Ding and R. Blaikie, Resonant absorption in dielectric thin films
for humidity sensing, Seventh International Conference on Advanced Materials




Optical Gas Sensors: an Overview
The field of optical gas sensing has witnessed a tremendous growth during the last
two decades due to advances in the optical systems and the unprecedented ability to
engineer materials at the nanoscale; this has opened new avenues for remote, non-
invasive and highly sensitive optical detection of chemicals of environmental, biological
and industrial significance. As a result of these advancements, there is a large vari-
ety of optical sensors which differ from each other in terms of sensing mechanism and
materials; examples in everyday use include vehicular exhaust monitors, oxygen sen-
sors in air conditioners, scuba tanks and medical applications and photoelectric smoke
alarms [6, 17].
Any optical gas sensor has two important aspects: the optical structure which often
provides the signal transduction and the sensing material which acts as the receptor
and/or transducer; this chapter discusses both the aspects in a broad way. The first
part provides an overview of optical gas and vapour sensors by classifying them on
the basis of their sensing mechanism: absorption spectroscopy, reflection interference
spectroscopy, surface plasmon resonance and optical waveguide based sensors. The
focus of the discussion is on the transduction mechanisms, layout of the optics and
the detection limits of each class of sensors. The second half of the chapter presents a
brief discussion on three kinds of commonly used gas sensing materials: metal-oxides,
polymers and metal-organic frameworks.
2.1 Absorption Spectroscopy Based Sensing
Absorption spectroscopy is one of the earliest and most reliable optical sensing meth-
ods, which can be divided into direct and indirect absorption spectroscopy. In the
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first scheme, the absorption spectrum of the analyte itself is used for identification
and quantification of the target species. The second method utilizes the absorption
spectrum of a sensing material which interacts with the analyte.
2.1.1 Direct absorption spectroscopy
The direct absorption spectroscopy of gases is based upon application of the Beer-
Lambert Law I = Ioexp(−αl), where I is the intensity of transmitted light, Io denotes
the incident light intensity, α the absorption coefficient and l represents the optical
path length.
A typical experimental setup features a light source which illuminates a given vol-
ume of an analyte and a photo-detector. The light transmitted through the analyte
carries imprints characteristic of the analyte species in the transmission (or absorp-
tion) spectrum. Many gases and vapours have a very weak absorption signal, making
an additional signal enhancement necessary which can be achieved by using a Herriott
Cell configuration [18]. Figure 2.1 shows a setup of a Herriott Cell which consists of
two opposing spherical mirrors forming a cavity and a light beam entering the cavity
through a hole in one of the mirrors.
Figure 2.1: A simplified schematic of Herriott Cell configuration [19].
Mirrors M1 and M2 guide the light beam into the Herriott Cell formed
by spherical mirrors C1 and C2.
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The Herriott Cell configuration (also known as cavity-enhanced absorption spec-
troscopy) is typically used for research applications like monitoring gases in the strato-
sphere, where accuracy is of the utmost importance, for example it can detect less than
1 ppm of water vapour and methane in the atmosphere [19, 20]. A detailed review of
the history and development in the field of cavity-enhanced absorption spectroscopy
for gas sensing can be found in Ref [21].
Though cavity-enhanced absorption spectroscopy is reliable and accurate, the tech-
nique has a few drawbacks. The overall detection system including the electronic
interface for the data processing can weigh up to 20 kg and depending on the appli-
cation cavity length can be as large as 50-60 cm [19, 22]. The detection scheme is
also limited to very few target species which, in most cases, have a distinct absorption
line in the visible-infrared region. Parallel detection of multiple analytes is difficult to
achieve using cavity-enhanced absorption spectroscopy.
In the last decade, researchers have succeeded in miniaturizing the Herriott cell
configuration and in 2005 a New Zealand based startup company, Photonic Innovations
Limited, developed gas detection devices for industrial safety. Their current market
covers ammonia and methane which are hazardous gases commonly used in industrial
spaces [23]. The major advantages of this device is that it does not require routine
calibration and sensor chip replacement when compared with indirect sensing methods
based sensors where a sensing layer is used. Since the gases have unique spectral
signatures there are no false alarms. Their current devices can be mounted on walls or
temporarily installed on site.
2.1.2 Indirect absorption spectroscopy
Indirect absorption spectroscopy involves the study of absorption and transmission
spectra of analyte-sensitive thin-films deposited on suitable substrates. Typically,
these thin-films are made of metal-oxides and metal-organic frameworks (MOFs) doped
with metal-nanoparticles. The transition metal-oxides (CuO, TiO2, NiO, Co3O4, CoO,
WO3) are known to be sensitive to gases and have been well researched for their sens-
ing applications [24–31]. Most of these metal oxides are transparent in the visible
region of the spectrum (400-600 nm), when deposited in the form of thin films with
thicknesses less than 100 nm they do not have strong spectral signatures which makes
them unsuitable for absorption spectroscopy measurements in their native form. This
problem can be overcome by doping the metal-oxides with metal nanoparticles which
provide a spectral signature in the visible region depending upon their size, shape and
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distribution. In addition to providing a spectral signature to the metal-oxide films, the
metal nanoparticles can also catalytically interact with the analyte to improve selec-
tivity and sensitivity of the nanocomposite [32]. In some cases e.g for ZnO, the metal
oxide without the metal nanoparticles does not respond to some target gases, so the
nanoparticles provide both the optical signature and the sensing signal [30].
These sensors have a simple optics layout which involves a light source illuminat-
ing the sensor chip that consists of a sensing layer on a transparent substrate and a
spectroscope, as schematically depicted in Fig. 2.2.
Figure 2.2: Indirect absorption spectroscopy using a nanocomposite
thin-film.
The changes in the transmission spectra correlate with the concentrations of ana-
lytes. The changes are attributed to the alterations in the electron/hole density in the
sensing layer upon catalytic oxidation/reduction of the target gases, typically at high
temperatures (200− 350◦C). Table 2.1 lists some nanocomposites (metal-oxide matrix
doped with noble metal nano-particles) sensitive to various gases and their correspond-
ing detection limits which are in the range of 1% to 100 ppm of the target gas in air
or nitrogen.
The linear geometry of the optics layout and the small size of the sensing chip are of
great advantage for developing hand-held devices. Though great effort is being spent
towards the realization of such sensing devices, there are a few challenges which require
more research endeavour. One of the problems is cross-sensitivity towards other gases
which occurs during multiple gas detection in the real-time. For example, metal-oxides
like NiO, Co3O4 and Mn3O4 respond to both carbon-monoxide and hydrogen with
12
Table 2.1: List of nanocomposite thin-films of thickness (d) sensi-
tive to various gases and their corresponding detection limits at the
operating temperature (T).
S.No Sensing Material d [nm] Analyte Concentration T [0C] Ref
1 CuO/Au 35 CO 1 % 200-250 [33]
2 Co3O4 60 H2O 10 % RH 25 [25]
3 SiO2/CoO - NO 1 % 350 [26]
4 NiO/Au 85 CO 50 ppm 200-250 [27,29,30]
5 WO3/Pd/Pt/Au 56
Pd, 99Pt, 46Au H2 1 % 200-250 [28]
6 NiO/Au 40-50 H2 1 % 300 [30]
7 ZnO/Au 40-50 H2 1 % 300 [30]
8 TiO2/Au 35-55 CO 1 % 330 [31]
9 SiO2-NiO 200 CO 10 ppm 330 [34]
10 InxOyNz/Au 150 H2 1 % 300 [35]
11 Al/ZnO 200 H2 2% 500 [36]
reduction in light absorption [27]. The problem of cross-sensitivity can be addressed
by using suitable MOF films which pre-concentrate the target gas molecules in the
close proximity of the sensor surface. Another issue is that such sensors would require
routine calibration and sensing chip replacement while their accuracy will still be less
than the direct absorption spectroscopy based sensors. Lastly, the variation in the
fabrication conditions of the nanocomposite thin-films can change the characteristics
of the sensors, adversely affecting the reproducibility and large scale manufacture.
2.2 Reflectometric Interference Spectroscopy (RIfS)
A simple thin-film structure comprising a substrate coated with sufficiently thick (film
thickness d > λ) gas sensitive film forms a reflectometric interference spectroscopy
based sensor which is shown in Fig. 2.3. The light reflected from the top and the
bottom interface of the sensing layer, with intensities I1 and I2, respectively, interfere






where n is the refractive index of the film and λ is the wavelength. Permeation of certain
gases or vapours, or the adsorption of molecules can cause swelling of the sensing layer
which changes n and d of the sensing layer and leads to a shift in the interference
pattern. Depending on the optical properties of the substrate (opaque or transparent),
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Figure 2.3: The schematic of a reflection interference spectroscopy
based sensor showing the presence of analyte causes swelling of the
sensing layer which leads to a shift of the interference pattern.
the reflected or transmitted light can be used to extract information about any changes
in n and d of the thin-film.
The changes in the thin-film interference pattern can be quantified in terms of
shift in the position of a maximum/minimum and intensity fluctuations at specific
wavelengths. The interference peaks can be monitored using spectroscope, which get
bulkier as the spectral resolution increases. Alternatively, the intensity changes at fixed
wavelengths can be easily measured using small photo-detectors; such measurements
can be simple and fast. A drawback of fixed wavelength measurements is that the signal
has a strong dependence on the initial film thickness, which is difficult to reproduce
using fabrication techniques like drop-cast, spin-coating and dip-coating.
Coming to sensing materials, such films are typically made of materials which are
known to swell by absorbing certain molecules: for example PDMS polymer swells by
absorbing toluene and xylene [37], [15], and platinum nano-particles swell by absorbing
hydrogen molecules [38]. Recent work using porous materials like porous silicon [39]
and metal-organic framework films [40] extend the platform to sensing materials which
undergo refractive index changes by holding the target molecules in pores, instead of
swelling. Table 2.2 provides a list of sensing materials corresponding film thickness,
and analytes as well as detection limits.
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Table 2.2: List of sensing materials and corresponding film thicknesses
(d) used in RIfS scheme for sensing various gases and vapours.
S.No Sensing Element d [nm] Analyte Concentration Ref
1 Si-Porous silicon 2900 ethanol 1.7 % [39]
2 Si-polydimethylsiloxane 3000 toluene 3037 ppm [15]
3 Si-polydimethylsiloxane 3000 xylene 767 ppm [15]
4 Si-polyisobutylene 3000 ethyl acetate 3300 ppm [15]
5 Porous Alumnia-Au 1000 H2S 2% [38]
6 Porous Alumina-Pt 1000 H2 2% [38]
7 glass-ZIF8 MOF 1000 propane < 10 % [40]
8 Si-Polymer < 1000 acetone 200 ppb [37]
9 Si-polydimethylsiloxane 1200 toluene 1.7 ppm [41]
The RIfS based sensors require films of a few micron thickness to create a good
contrast in the interference pattern. However, greater film thickness leads to longer
response time because the analyte molecules take a longer time to diffuse through the
sensing layer. Some of these challenges can be alleviated with the help of an ultrathin
version of RIfS, which is one the topics of this thesis.
2.3 Surface Plasmon Resonance Based Sensing
Surface plasmon resonance (SPR) based gas sensing utilizes resonant behaviour of
optically driven surface charge oscillations and can be classified into various sensing
schemes: angular interrogation, wavelength interrogation, polarization measurements,
phase detection and extraordinary transmission. Depending upon the sensing scheme,
the angle of resonance, reflected light intensity near the resonance, the wavelength of
resonance, polarization or phase of reflected light can be used as the signal parameter.
The sensitivity (S) of the sensors can be defined as the ratio of the change in the
signal parameter to the change in the parameter to be determined (refractive index,
film thickness or analyte concentration). This section begins with a brief introduction
of SPR and then describes various SPR based sensing schemes.
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2.3.1 Surface plasmon resonance
Surface plasmons (SPs) are collective oscillations of metal free-electrons that lead to
surface-bound electromagnetic fields. SPs are categorized into two classes: localized
surface plasmons (LSPs) and surface plasmon polaritons (SPPs). LSPs are the result
of confinement of SPs on the surface of a metal nanoparticle which leads to the local
field enhancements and makes metal nanoparticles sensitive to various gases. The role
of metal-nanoparticles in gas sensing has been already touched upon in the section 2.1.
This section presents a detailed discussion on SPPs based gas sensors.
In a thin-film geometry (Fig. 2.4) SPPs propagate along the metal-dielectric inter-











are the dielectric constants of dielectric medium and metal, respectively. Light cannot
be coupled directly to plasmon excitations of a flat, semi-infinite metal surface since
the energy and momentum matching conditions cannot be conserved simultaneously.
Figure 2.4: Attenuated total internal reflection based excitation of
surface plasmon polariton (SPP) in (a) Kretschmann [42] and (b)
Otto configurations [43].
One method of exciting SPPs in planar metal surfaces is by using a high index prism
(with dielectric constant εp > εd) as a coupler [42, 43]. In this technique, a high index
prism is placed in the vicinity of a planar metal surface (as shown in Fig. 2.4). When
the angle of incidence (θi) is greater than the critical angle (θc) the light undergoes
total internal reflection which generates an evanescent field near the metal surface
and for a certain angle (θi = θspp) the momentum matching condition, ~kx = ~kspp, is
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satisfied. Prism coupled based excitation of SPPs was independently demonstrated by
A. Otto [43] and E. Kretschmann [42].
2.3.2 Angle and wavelength interrogation
Kretschmann-Raether configuration based variable angle SPR measurements involve a
monochromatic light source which scans over a wide range of angles of incidence and
a photo-detector, as shown in Fig. 2.5. The excitation of Kretschmann-mode SPPs is
usually detected by a pronounced minimum in the reflected intensity caused due to the
coupling of light into the metal film. The evanescent field at metal-dielectric interface
allows this system to detect the small changes in the ambient refractive index caused
by the adsorption of the gas molecules at the exposed metal surface. The initial work
of I. Pockrand et al [44], Liedberg et al [45] and Nylander et al [46] established that the
resonant angle (θspp) is very sensitive to the presence of chemicals (ions, gases, polymer
mono-layers) at the metal-dielectric interface and can be used for sensing.
Figure 2.5: SPR sensing scheme with Kretschmann configuration.
High sensitivity towards small changes in the ambient refractive index enables this
technique to detect a variety of small gas molecules, however selective detection of
certain molecules requires some modifications in the setup. A typical setup which is
composed of a high refractive index prism (BK7) coated with gold layer can detect the
presence of a wide variety of gases like carbon-dioxide, carbon-monoxide, hydrogen,
helium and methane, but the sensor response is not very selective. Literature suggests
some SPR sensors are more sensitive to polar gases than to non-polar gases [47] which
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makes them moderately selective in their response. Further improvements in selectivity
can be achieved by small modifications like coating the metal surface with a gas sensitive
layer. Materials like titanium dioxide [48, 49] and tin-oxide [50] are good candidates
for such coatings. Manera et al [49] showed that by depositing titanium dioxide thin
films on top of the metal layer it is possible to selectively detect small molecules (like
ethanol) while the larger molecules like iso-propanol get blocked due to steric hindrance
offered by the pores in the titanium dioxide films.
Current experimentally demonstrated sensitivity for this scheme is very close to the
theoretically proposed values. Theoretically, angular interrogation can offer a resolution
of the order of 10−7 refractive index units (RIU) for a system with an angular resolution
of 10−4 deg. Experimentally, sensitivity of the order of 5 × 10−6 RIU has already
been demonstrated is such systems [51]. Some researchers argue that the theoretical
resolution limit can be pushed to 10−9 RIU by using 16-bit analog to digital converters
and efficient dip finding algorithms, which seem to suggest the scheme has not been
exploited to its full potential [52].
Another way to exploit SPR for gas sensing is by illuminating the metal-coated
prism with white light at a fixed angle of incidence. The incident wavelength λspp
which satisfies the momentum matching condition shows minimum reflected intensity
due to resonant coupling of the incident wave to the metal film. The reflected spectrum
is sensitive to the changes at the metal-dielectric interface and can be used for sensing
by monitoring the shift in λspp or the change in intensity at λspp [53, 54]. Such a
wavelength interrogation scheme is often used for bio-sensing but not as commonly for
gas sensing.
2.3.3 Polarization and phase measurements
Polarization and phase based sensing measurements can offer better signal-to-noise
ratio (SNR) when compared to angular and spectral interrogation. Both angular and
spectral interrogation based SPR sensors have low SNR because they require data read
out at the minimum in a curve. This problem can be avoided by using polarization
measurements and phase detection which do not require the data to be read out at a
minimum in the curve.
Kruchinin et al proposed an experimental setup which can address the issue of low
SNR and enhance the sensitivity by 2 orders of magnitude [55]. Their technique was
based on the measurements of p and s-polarization components in the reflected light.
In 2004, Hooper et al [56] reported a refractive index sensitivity of 2x10−7 RIU using
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a very similar differential ellipsometric interrogation. More recently, Nooke et al have
demonstrated a surface-enhanced ellipsometric detection of gases using gold top-coated
with a sensitive organic or a metal oxide layer [57]. Their systematic studies show that
the ellipsometric parameters (phase difference ∆ and the ratio of the amplitude ψ of
the s and p- polarization component of the reflected light) can be exploited for gas
sensing [48].
Studies shows that for a given SPR sensing system the angle and wavelength in-
terrogation methods have the potential for similar resolution, whereas a phase detec-
tion based method can offer better resolution [58]. In addition, the phase detection
technique has an advantage of being insensitive to both the amplitude of reflected
light and to perturbations in the setup. This makes the sensing scheme highly stable.
Experiments show that it is possible to achieve 16 times better resolution by using
phase-detection (7.61x10−7 RIU) when compared to intensity-interrogation (1.24x10−5
RIU) for the setup [59]. In a different study, Kabashin et al [60] estimated a sensitivity
of 4x10−8 RIU for their phase detection scheme which measured changes in ambient
refractive index when the gas changes from nitrogen to argon. In-spite of these advan-
tages there are very limited reports on gas sensing using such phase detection methods.
2.3.4 Extraordinary transmission
In 1998, T.W. Ebbesen and co-workers observed an unusual transmission through an
array of nanoholes in silver and gold films [61]. They found that the transmission
efficiency for certain wavelengths can exceed unity (when normalized to the area of
holes), which is orders of magnitude greater than predicted by standard aperture theory.
They called it extraordinary transmission (EOT) and attributed it to the coupling of
light to SPs in the periodically patterned metal film. These SP based sub-wavelength
nanophotonic structures have an associated electromagnetic field enhancement making
them a good candidate for a bio/chemical-sensor [62]. In the last decade a lot of
research has been done to exploit EOT for bio/chemical-sensing applications [63].
A typical experimental setup to conduct EOT based sensing is shown in Fig. 2.6.
The light from halogen source is normally incident on the nanohole array (NHA). The
NHA is exposed to the analyte by placing it in an integrated micro-fluidic system. The
transmitted light is collected and analyzed using a spectroscope. EOT sensing is highly
compatible with the lab-on-chip format and due to its collinear optical arrangement it
is better suited for miniaturization. Researchers are working on low-cost fabrication of
NHA to bring down the overall cost of EOT devices. Recently, Lindquist et al [64,65],
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demonstrated sensitive (< 10 ppm, ethanol vapour), real-time and multiplexed sensing
using such a nano-hole array device.
Figure 2.6: Schematic of EOT based sensing using a square lattice
nanohole array in a gold thin film.
2.4 Waveguide Based Sensing
The overall sensitivity of a sensor has two important components: device sensitivity
and analyte sensitivity. The analyte sensitivity depends on the number of analyte
molecules near the surface and can be enhanced by manipulating the surface chemistry
of the sensing layers. The device sensitivity depends on the shift in the resonant feature
per unit change in the ambient refractive index and has fundamental limitations. The
device sensitivity and resolution for SPR based sensors are limited by the resonance
width, which is ultimately determined by the absorption of light in the metallic layer
[66,67]. This limitation on device sensitivity can be overcome by designing all-dielectric
resonant waveguide sensors [68]. Some of the waveguide configurations used for gas
sensing are presented in this section. The field of waveguide based gas sensing is
constantly expanding and detailed reviews can be found in References [2] and [69].
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2.4.1 Planar waveguides
A planar waveguide system has a slab structure comprising substrate, waveguide, sens-
ing layer and the cover medium, with a step-index profile (schematic shown in Fig.
2.7). The sensing ability of such a dielectric system strongly depends on the strength
and distribution of the evanescent field in the cover medium, which requires the pene-
tration depth of the evanescent field to be higher than the sensing layer thickness. The
relationship between penetration depth (dp) and the effective refractive index of the




[n2eff − n2s]1/2 (2.1)
Parriaux et al provide a detailed analysis for optimizing the structural properties
of such evanescent-wave sensors in Ref [68], where they highlight that the optimum
conditions for bulk refractive index sensing differ from surface sensing.
Figure 2.7: Schematic of a planar waveguide sensor.
A wide variety of gas sensitive materials like gasochromic dyes, organic indicators
and polymers can be coated on the waveguide surface to enhance the selectivity and
sensitivity of the sensor. Peter et al have demonstrated this by using gas sensitive
dye molecules to reach a sensitivity of 1 ppm for nitrogen-dioxide (a toxic gas) with
no cross-sensitivity towards carbon-monoxide and carbon-dioxide [70]. Airoudj et al
used this configuration with polyaniline and poly-methylacrylate as the sensing layers
for detecting ammonia and were able to achieve a linear response for a wide range of
concentrations from 92 ppm to 4618 ppm [71].
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2.4.2 Optical fibres
Various configurations of optical fibres have been used for gas sensing in fibre-based
variations of most of the previously described arrangements. Some of the commonly
used configurations are: U-bend [72], active clad [73], end modified [74,75], fibre Bragg
grating [76] and long period grating fibres [77]. The end-modified, active clad and
U-bend configurations are in shown in Fig. 2.8.
Figure 2.8: (a) End-modified fibre, (b) active clad fibre and (c) U-
bend fibre.
Optical fibre Fabry-Perot sensors consist of gas sensitive coatings on the tip of
the optical fibre, which constitutes the sensor probe, forming a resonant cavity (Fig.
2.8 (a)). This configuration is also known as end-modified fibre sensor and has been
exploited for detecting water-vapour [74], ammonia [78], methanol [79], acetylene and
carbon-monoxide [80].
In the active clad configuration the fibre core is coated with a gas-responsive ma-
terial which helps in improving the sensitivity and selectivity of the sensor. Tabib et
al show that by coating the fibre core with 10 nm palladium they can detect 0.2%
of hydrogen at room-temperature [73], which is 20 times less than the combustible
concentration of hydrogen (4%). Similar schemes have been used for detecting other
hazardous vapours like hydrogen chloride and ammonia [81,82].
The evanescent electromagnetic field at the interface of the high index fibre core and
the low index ambient environment can be used for detecting small changes in the gas
concentrations. Typically the evanescent field has a small penetration depth, limiting
the interaction volume available for the field to interact with the analyte molecules,
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which leads to a very weak sensing signal. The signal can be enhanced by bending the
exposed core of the fibre to form a U, as shown in Fig. 2.8 (c), which increases the
interaction length.
Figure 2.9: Schematic of light propagation in (a) a fibre Bragg grating
[76] and (b) a long period fibre Bragg grating [83].
Fibre Bragg gratings (FBG) are another way of using an all-dielectric structure for
gas sensing. FBGs are inscribed by exposing the core of an optical fibre to two interfer-
ing light beams to modulate its refractive index with a periodicity comparable to the
probing wavelengths. When broadband light is coupled to an FBG, the wavelengths
satisfying Bragg reflection condition are reflected causing a peak in the reflection spec-
trum (Fig. 2.9 (a)). The reflection peak is highly sensitive to the changes in the
ambient refractive index (1.4x10−5 RIU) and can be used for sensing gases [76,84].
Long-period grating fibres (LPGFs) are very similar to FBGs but with a periodicity
of modulation much larger than the probing wavelengths. LPFGs are designed in such
a way that light from certain guided modes can preferentially couple to the cladding
modes of the fibre where they are attenuated due to absorption and scattering which
leads to dips in the transmission spectrum (schematically depicted in Fig. 2.9 (b)).
LPGFs based sensing requires a simple optical setup involving a broadband light source
coupled to LPGF which is exposed to the analyte while the transmission spectrum
is monitored as the system response. As for sensitivity, it is of the order of 10−5
RIU [83,85,86].
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2.4.3 Photonic crystal fibres
Photonic Crystals Fibres (PCF) can be broadly classified into two categories: photonic
bandgap PCF and index-guiding PCF (Fig. 2.10 (a) and (b)). Both the types of
PCFs have been researched for their sensing applications [87]. PCF based sensors have
two inherent advantages. First, the holes in the fibre can act as a fluidic channel and
second, the micro-periodic internal structure of the fibre ensures a strong interaction
of light with the analyte.
Figure 2.10: (a) Photonic bandgap fibre which confines light in the
hollow core of the fibre and (d) index-guiding photonic crystal fibre
which confines light in the solid core of the fibre.
Monro et al came up with the initial proposal that the evanescent field in PCFs
can be used for sensing applications [88]. This motivated experiments where PCF was
used to detect gases like acetylene, methane and ammonia [89, 90]. Though PCFs
have a great potential for sensing, Yong Zhao et al [91] have highlighted two practical
problems. First, fabrication of such structures with fine accuracy is essential for reliable
sensors. A variation of 0.5 % in the position or diameter of the pore can lead to 10 %
transmission loss. Second, there are coupling losses at both the input and output end
of the fibre.
2.5 Sensing Materials
The commonly used gas sensing materials can be divided into three categories: metal-
oxides, organic-polymers and metal-organic frameworks (MOFs). Different materials
offer a different combination of electronic interactions, refractive index and permeability
making them suitable for sensing certain molecules. In this section, each of the above
mentioned classes of sensing materials and their sensing mechanisms are discussed.
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2.5.1 Metal oxides
Metal oxides have been extensively investigated for their gas sensing applications. The
semi-conducting, photo-catalytic and optical properties of metal-oxides make them
suitable for resistive and optical gas sensors. The most commonly used transition metal
oxides, TiO2, SnO2,ZnO,WO3,MgO,Ga2O3,CdO etc, respond to oxidizing/ reducing
gases by forming weak chemical bonds.
The surface atoms with unsatisfied bonds produce chemisorption sites for oxygen
atoms on the surface which interact with the free electrons to produce charged adsorbed
gas species [9]. The mechanism can be represented by Eq. (2.2),
1/2O2 + 2e
− ↔ O2−ads. (2.2)
The surface bound charged oxygen atoms trap the electrons and create localized surface
charge density leading to a surface potential Vs which depends on the dielectric constant
of the material ε = ε′ + iε′′ and the bulk electron density nb, as given by Eq. (2.3)








The presence of a surface potential Vs alters the density of states in the valence and
conduction band of the semi-conducting metal oxides, and therefore the conductance
of the individual grains. This conductance change translates into a refractive index
change at optical frequencies, which can be used for sensing.
Though the effect of oxidizing and reducing gases on the conductance of such
metal-oxides is well understood [9, 92], there is very limited literature on how oxidiz-
ing/reducing gases affect the dielectric constant of metal-oxides. In order to understand
the effect of surface bound charges on the dielectric properties of a given metal-oxide,
it is helpful to look at the relationship between optical dispersion and the electronic
band-gap energy Eg. According to Tauc relationship [93], the imaginary part of the
dielectric constant (ε′′) is related is to the Eg by
ω2ε′′ ∝ (~ω − Eg)2 (2.4)
where ~ = h/2π, h is the Planck’s constant and ω is the frequency. Any changes
in the electronic bandgap of the oxide would affect the absorption coefficient of the
material. Since the real and imaginary part of the dielectric constant are related by
Karmers-Kronig integrals, any change in ε2 is accompanied by a change in ε1.
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Also, the formation of adsorbed charged species affects the free charge carrier den-
sity by trapping electrons which can affect the the refractive index of the materials. The
change of the carrier density is known to alter the refractive index of semi-conductors by
three mechanisms: band-filling, band-gap shrinkage and free-carrier absorption. While
these mechanisms are originally discussed in the context of the change in refractive
index of semi-conductors produced by injection free charge carriers, it is obvious that
they can be applied to the loss of carriers due to electron/hole trapping [94].
For a direct bandgap semiconductor, the optical absorption (αo) is given by the





E − Eg E ≥ Eg (2.5)
αo(E) = 0 E ≤ Eg (2.6)
For the band-filling mechanism, there is a finite probability for a state in the conduction
band to be occupied by an electron or for the valence band to contain a hole. The
absorption coefficient takes the form Eq. (2.7) where Ec and Ev are the energies of
the conduction band and valence band, respectively, and the factors fc and fv give the
occupation probability of the corresponding energy states. The band-filling effect is
known to shift the absorption edge and to alter the refractive index of the material for
energies close to Eg,
α = αo[fvEv − fcEc]. (2.7)
For materials with free charge carrier density (χ) above a certain threshold, the
charge carriers lead to a shrinking of the bandgap ∆Eg, proportional to the cube-root







E − Eg −∆Eg −
√
E − Eg]. (2.8)
In addition to these effects, a free carrier can absorb light and move to a higher
energy state within the band. Such intraband transitions also cause changes in the
refractive index (∆n) which is given by Eq. (2.9), where λ is the photon energy,
me and mh are effective masses of electrons and holes, respectively and ne(nh) is the
density of free electrons (holes). Due to a λ2 kind of dependence, the effect of intraband








These small changes in the refractive index of metal-oxides can be exploited for gas
sensing application using optical schemes. The metal oxides are known to function as
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resistive gas sensors, typically in the temperature range of 300◦ − 400◦C, and use the
surface reaction induced changes for sensing.
Since metal-oxide typically respond at high-temperatures there is a need for research
to lower the operating temperatures of gas sensors. Also, metal oxides are typically
used for detecting oxidizing or reducing gases and are less responsive to gases like He,
Ar, N2, CO2 etc; which indicates a need for alternate sensing materials.
2.5.2 Polymers
A wide variety of polymers and their composites have been investigated for gas and
vapour sensing applications. Polymers can acts as the receptors, provide bulk support
for holding other active species like dye molecule or can act like a sieve by allowing
selective permeation of certain molecules.
The ease of fabrication (simple spin-coating or dip-coating), their non-toxic nature
and bio-compatibility make polymers generally easy to handle and work with. De-
pending on the hydrophilic, hydrophobic or amphiphilic nature of the polymers, they
allow selective permeation of certain molecules which can cause the polymer films to
swell. For example, polymers like PVA [95] and Chitosan [75] allow reversible ad-
sorption of water-vapour through hydrogen bond formation. Swelling of the polymer
films causes changes in the refractive index and thickness of the polymer films which
can be exploited for sensing in various optical schemes: thin-film interference [37, 41],
Fabry-Perot resonators [74,75], Bragg gratings [95,96], photonic crystals [97] etc. Due
to the ease of fabrication, the reflection interference spectroscopy and end-modified
fibres have been extensively researched for vapour sensing. Other schemes like Bragg
reflectors have some strict requirements on the solubility of the polymers and film
thicknesses which makes it challenging to fabricate them.
In other sensing schemes, the role of polymer films is to improve the selectivity and
the sensitivity of the sensor. For example, ethyl cellulose preferably allows carbon-
dioxide molecules to pass through and enhances the SPR sensing signal. A brief list of
polymers, corresponding analyte and the sensing scheme is provided in Table 2.3
A few challenges in using polymer films for sensing are stated here. The sensor
response time is largely governed by the diffusion time of the gas/vapour into the
polymer, the signal reversibility may require heating [96] and they often show hysteresis.
Some of the polymers can scatter visible light in their semi-crystalline form and are
not suitable for integration into optical sensors.
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Table 2.3: List of polymers and corresponding analyte and sensors.
S.No Polymer Analyte Sensor Type Ref
1 Poly-vinyl alcohol Humidity Fibre Bragg grating [95]
2 Chitosan Humidity Fibre-end Fabry-Perot [75]
3 Nafion Humidity Fibre-end Fabry-Perot [74]
4 Ethyl cellulose CO2 SPR [98]
5 PDMS volatile organic compounds thin-film interference [37]
6 Polystyrene-ZnO Toluene Bragg reflector [96]
7 Polystyrene Ethanol Photonic Crystal [97]
2.5.3 Metal-organic frameworks
Metal-organic frameworks (MOFs) are a class of material with extraordinary ability
to capture specific gases into cage-like structures. MOFs are made of two major com-
ponents: metal-ions and organic molecules called linkers, attached to form regular
cage-like pores as illustrated in Fig. 2.11.
Figure 2.11: Simplified representation of a metal-organic framework
containing metal-ions and organic linkers.
The highly porous internal structure of MOFs allows easy permeation of gas molecules,
while the choice of metal-ion and linker length determine sensitivity and selectivity of
the MOF based gas sensors. The gas selectivity in MOF films comes from three basic
mechanisms: size exclusion or molecular sieving, adsorption on the MOF internal sur-
face and interactions with the open metal-ion site in the MOF [99]. The size exclusion
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mechanism uses MOFs as a sieve, by blocking the molecules which are larger than the
pores. As far as the gas adsorption mechanism is concerned, the chemical interactions
like hydrogen-bonds, propensity to donate or accept electrons, or the ability to form
coordinate covalent bonds play the key roles. The open metal site interaction mecha-
nism is based upon the ability of the analyte to have electrostatic reversible interactions
with the metal ions.
MOFs have been used for gas sensing applications in photo-luminescence studies
[100, 101], thin-film interferometry [40, 102], MOF coated long period grating optical
fibres [103], end-modified fibres [104] and localized surface plasmon resonance (LSPR)
based systems [105]. Depending on the sensing scheme, the role of MOFs in the signal
transduction can be very different. For example, in the photo-luminescence based
sensors the MOF acts as both, receptor (recognizes the molecules) and transducer
(generates the signal). Whereas in the thin-film interference and LSPR based sensors,
the MOF mainly acts as the receptor.
Thin-film interference based sensors exploit the changes in the refractive index of the
MOF films caused by the adsorption of the analyte molecules. For example, ZIF-8 thin
films on a glass substrate respond to ethanol vapours by a shift in thin-film interference
pattern [40,102]. One of the major challenges in using MOFs in thin-film interference
based sensors is the optical quality of the thin film. Generally, MOFs exist in small
crystal form and scatter visible light, which makes it difficult to measure the film
thickness and refractive index. Recent developments in MOF fabrication techniques,
liquid phase epitaxial growth of MOF films, make it possible to fabricate uniform films
which are more amenable to thickness and refractive index measurements [106].
In case of a LSPR based MOF sensor, the presence of the MOF layer helps by
preconcentrating the target gas molecules. Kreno et al showed that a motif of sil-
ver nanoparticles supporting LSPR is sensitive to the presence of carbon-dioxide gas
and the sensitivity can be improved by an order of magnitude by coating the silver
nano-particles with HKUST-1 MOF [105]. Their systematic study shows a correlation
between the MOF coating thickness and the sensing signal enhancement.
MOF films can also acts as protective layers in gas sensors where they block con-
taminants from reaching the active sensor area. For example, Szilagyi et al report a
hydrogen sensor where HKUST-1 MOF films act as a protective layer on top on an end-
modified fibre sensor to stop gases like hydrogen sulphide, oxygen and carbon-monoxide
from poisoning the sensing layer [104].
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2.6 Summary and Outlook
Environmental awareness, improved health and safety standards, risk management and
industrial growth have created a demand for more sensitive, fast, compact, stable and
low-cost gas sensors. In the last few decades a wide variety of optical techniques have
been investigated for gas sensing applications. Absorption spectroscopy, reflection in-
terference spectroscopy, SPR and waveguide based schemes are the most commonly
used platforms. Each sensing technique has its advantages, limitations and niche mar-
ket. The nature of target gas, relevant concentrations and accuracy requirements make
some techniques better suited for some applications than others.
A wide range of materials like metal-oxides, polymers, metal-organic frameworks
and their composites provide a rich field to design new gas sensors and improve the
performance of existing ones. Development of effective sensing materials and refinement
in sensing schemes together advance the field of gas sensing.
The aim of this thesis is to test a novel gas sensing platform, which is based on
thin-film interference effects in ultrathin lossy coatings, with three different kind of
sensing materials to understand and explores various factors which control the sen-
sitivity and response of these novel sensors. To clarify the novelty of the proposed
sensors, it lies in the ability of utilize the optical losses of gas sensitive materials in
the presence of thin-film resonances. In past, thin-film Fabry-Perot resonator config-
uration has been investigated only with transparent media and many optically lossy
thin-films have been used for gas sensing without invoking optical resonances. The
benefits of thin-film resonance and the native gas response of some optically lossy me-
dia, have been not exploited together in a single resonator, so far. In this context,
lossy thin-film resonators provide a new way to use thin-film resonances for gas sensing
applications. The following chapter outlines the theoretical background required to




A thin-film structure composed of a transparent dielectric coating on a reflective sub-
strate supports interference of waves reflected from different interfaces of the structure,
giving rise to resonant features like maxima and minima in the reflection (or transmis-
sion) spectra. Generally, these resonant features are highly sensitive to any changes in
the refractive index, absorption and thickness of the dielectric coating. If the dielectric
coatings are made of materials that responds to certain gases by changes in the refrac-
tive index, absorption and/or thickness of the films then such thin-film structures can
be used as gas sensors. This idea has been well investigated for gas and vapour sensing
applications, but some new variations are presented and analyzed in this thesis.
Conventional thin-film based sensors are made of transparent dielectric films of
thickness on the order of the wavelength of the probing light in order to sustain strong
interference effects. The large film thickness (a few micrometers) limits the sensitivity
and response time of these sensor. It was recently demonstrated that a new type of
thin-film structure which consists of lossy dielectric films of sub-wavelength thicknesses
on metal substrates can support resonances in films of thickness as small as a few
nanometres [1]. If made of gas sensitive materials these thin-film structures have the
potential to improve the sensitivity and response time of the thin-film based gas sensors.
Unlike the conventional thin-film sensors with transparent films, these sensors can use
the optical losses to enhance the sensitivity. This thesis studies the optical properties
of these novel resonant thin-film structures and their gas sensing behaviour which have
not been investigate so far. The theoretical concepts related to the resonant light
absorption in these thin-film structures are presented in this chapter.
The chapter begins with basic Maxwell’s equations to describe the propagation of
light as electromagnetic waves, which serves as the background for describing transfer
31
matrix method used for calculating the reflection, absorption and transmission spectra
of thin-film structures. Next, it discusses thin-film interference effects in conventional
transparent thin films on dielectric substrates and lossy ultrathin films on metal sub-
strates. The final section argues that sub-wavelength thickness coatings on metal
substrates have a potential for gas sensing applications.
3.1 Maxwell’s Equations
Maxwell’s equations are the most fundamental relations describing electromagnetic
wave propagation by relating the electric and magnetic fields to their sources in the




∇× E + ∂B
∂t
= 0, (3.2)
∇ ·D = ρ, (3.3)
∇ ·B = 0. (3.4)
In Eqs. (3.1)-(3.4) E and H are the electric and magnetic field vectors, respectively. D
denotes the electric displacement, B is the magnetic induction and t represents time.
The fields are attributed to the source currents and electric charge density which are
represented by J and ρ, respectively [107]. The above four Maxwell’s equations need to
be supplemented with the material response under the influence of an electromagnetic
field:
J = σE, (3.5)
D = εE, (3.6)
B = µH. (3.7)
Here, σ is the specific conductivity of a material, ε represents the dielectric permittivity
and µ denotes the magnetic permeability.
One of the most important consequence of the Maxwell’s equations is that it can





k · r = ωt (3.10)
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In equations (3.8)-(3.10), E0 and H0 are the complex electric and magnetic field am-
plitudes, r is the position vector, k is the wave vector which gives the direction of
propagation and its magnitude is given by |k| = ω√εµ with ω being the frequency
of oscillations, while u1 and u2 are constant unit vectors depicting the direction of
polarization of the E and H.
3.2 Snell’s Law and Fresnel’s Formulas
An electromagnetic plane wave incident on an interface of two media splits into two
waves: a wave transmitted into the second medium and a wave reflected back into
the first medium. Physical properties like ε and µ change abruptly at the interface
forming a discontinuity surface. As a consequence of Maxwell’s equations some com-
ponents of the field vectors must match at the interface which determines the boundary
conditions at the discontinuity surface [107]. In order to write down the boundary con-
ditions, consider the plane of incidence to be the yz plane with z being the direction
of discontinuity as depicted in Fig. 3.1.
Figure 3.1: Reflection and refraction of plane wave at an interface (at
z = 0) with yz as the plane of incidence.
The boundary conditions are then:
ẑ · (B2 −B1) = 0, (3.11)
ẑ · (D2 −D1) = σ, (3.12)
ẑ× (E2 − E1) = 0, (3.13)
ẑ× (H2 −H1) = K. (3.14)
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Here, the indices 1 and 2 indicate the value of the field vectors in medium 1 and 2,
respectively and K denotes the surface current density.




i(ωt−kt·r) be the incident, reflected and
transmitted electric fields, respectively. For the electric field amplitudes of all the
three waves to match across the boundary (z = 0) the following relation must hold
true [107].
[ki · r]z=0 = [kr · r]z=0 = [kt · r]z=0 (3.15)
By using |k| = nω/c, where n is the refractive index of the medium and c is the speed
of light, Eq. (3.15) can be written in the form of Eq. (3.16) which is also known as
Snell’s law, where θi, θr and θt are the angles of incidence, reflection and refraction,
respectively.
n1sinθi = n1sinθr = n2sinθt (3.16)
Next, Fresnel’s formulas which give the reflection and transmission coefficients can
be derived by taking the superposition of the incident and reflected waves in both
media. The forward and backward propagating waves can be expressed as Epe
i(ωt−kp·r)
and E′pe
i(ωt−k′p·r), respectively, where p denotes the medium (p = 1, 2). Then the total
electric field in each medium is
E = E1e
i(ωt−k1·r) + E′1e
i(ωt−k′1·r) z < 0 (3.17)
E = E2e
i(ωt−k2·r) + E′2e
i(ωt−k′2·r) z > 0 (3.18)
In order to apply suitable boundary conditions it is necessary to specify the polarization
of the wave. The transverse-electric (TE) or s-polarized wave has the electric field
vector perpendicular to the plane of incidence and transverse-magnetic (TM) or p-
polarized wave has magnetic field perpendicular to the plane of incidence as shown in
Fig. 3.2.
3.2.1 Transverse electric polarization
For a transverse electric (TE) polarized wave, the Ex and Hy components of the fields
must be continuous across the boundary which leads to the following equations where
Hy is expressed in terms of Ex. The subscript s denotes TE polarization.
E1s + E
′









(E2s − E ′2s)cosθ2 (3.20)
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Figure 3.2: Reflection and refraction of (a) transverse electric (TE)
or s-polarized wave and (b) transverse magnetic (TM) or p-polarized
wave.
Since the wave is incident from medium 1 to medium 2, only a transmitted wave
exists in medium 2 which implies E2s′ = 0. The reflection coefficient rs and the trans-









































3.2.2 Transverse magnetic polarization
The boundary conditions for transverse magnetic (TM) polarized wave can be derived
by imposing the continuity of Ey and Hx components of the fields.
(E1p + E
′









(E2p − E ′2p) (3.26)
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In Eq. (3.26), Hx is expressed in terms of Ey and the subscript p denotes the polariza-
tion. Since only transmitted waves exist in medium 2, the component E ′21p = 0. The









































Equations (3.23),(3.24), (3.29) and (3.30) are known as Fresnel formulas, and are used
in this work to calculate the reflection and transmission coefficients of planar thin-film
structures.
3.3 Reflection From Absorbing Media
The reflection and refraction at an interface between a lossy medium with complex
refractive index n2 = n
′
2 + ik is more complicated and requires further explanation
because the angle of refraction takes complex values which means that the usual phys-
ical interpretation doesn’t hold true. For example, when light is incident from air with
n1 = 1 onto absorbing medium with n2 = n
′
2 + ik, Snell’s law given Eq. (3.31).
sinθ1 = (n
′
2 + ik)sinθ2 (3.31)
Since the left-hand side of the equation is a real number the right-hand side must be a
real number as well, which implies that the angle of refraction θ2 no longer represents
the direction of propagation of the wave in the medium 2. In such cases, Snell’s law
and Fresnel formulas are written in the following form












Unlike the reflection from transparent dielectrics where the phase shift upon reflection
is either 0 or π, the phase shift in case of absorbing media can take intermediate values.
Such non-trivial reflection phase shifts are of great importance in designing resonant
thin-film structures discussed in this thesis.
3.4 Transfer Matrix Method
The transfer matrix method is a powerful tool for calculating the reflection, absorption
and transmission properties of electromagnetic wave propagating through a stratified
media [107, 108] and has been implemented using a MatlabTM code to calculate re-
flection and absorption spectra of planar thin-film structures investigated in this the-
sis [109]. The method works on the principle that for a given incident electromagnetic
wave its propagation properties can be calculated by solving the Maxwell’s equations
with suitable boundary conditions.
Figure 3.3: Schematic of a stratified medium where the dielectric
properties of the medium vary along the z -direction. An electromag-
netic wave is incident at an angle θ and yz constitutes the plane of
incidence.
The total electric field in the first medium, E0T, and the medium 1, E1T, are
obtained by the superposition of forward and backward propagating waves and can be
expressed as equations (3.35) and (3.36)
E0T = E0e
i(ωt−k0.r) + E′0e
i(ωt−k′0.r) z < 0 (3.35)
E1T = E1e
i(ωt−k1.r) + E′1e
i(ωt−k′1.r) 0 < z < z1 (3.36)
assuming the medium to be homogeneous along the y-axis and stratified along z axis (as
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depicted in Fig. 3.3). By applying suitable boundary conditions the field components












In the above expression the matrix D−10 D1 is the transmission matrix which relates
the field amplitudes on both sides of the interface. Depending on the polarization of



















 for p− polarization.
The wave propagation from z = 0 to z = 1 is given by the propagation matrix Pi which





















here di is the thickness of ith layer.
Similarly, the field amplitudes E2 and E
′
2 in the medium 2 can be calculated from














The same logic can be applied to calculate the field in the final medium of a layered




























3.5 Thin Film Interference
Fresnel’s formulas and transfer matrix method can be applied to calculate the partial
wave amplitude upon reflection from a thin-film structure. When light is incident from
air onto a film with thickness d and refractive index nf = n
′
f + ikf deposited on a
substrate with refractive index ns = n
′
s + iks, the reflection coefficient of the system
can be derived by using Fresnel’s formulas derived earlier, and the method of partial
wave depicted in Fig. 3.4.
Figure 3.4: Light incident at angle θ1 is reflected from thin-film struc-
ture comprising (a) a thin-film with refractive index nf and thick-
ness d ≥ λ/nf (b) a lossy dielectric thin film with refractive index
nf = n
′
f +kf and (c) a film with nf and thickness d ≤ λ/nf deposited
on substrate with refractive index ns.
The reflection-coefficient for s-polarized light (r1) at the interface of medium 1 and










The transmitted light gets reflected at the interface of medium 2 and 3 as shown in



















2miβ for m > 0. The reflection coefficient r of the thin-film structure is
given by the summation of the partial waves r =
∑∞







where rmn = (pm − pn)/(pm + pn) with pm = nmcos(θm), β = (2π/λ)nfdcos(θ2)
and θm = sin
−1(sin(θ)/nm). For p-polarized light equation (3.43) holds with rmn =
(qm−qn)/(qm+qn) and qm = cos(θm)/nm [1]. The relationship between total reflection
coefficient and contributing partial reflection coefficients can be very useful (in addition
to the use of the transfer matrix method described in Section 3.4) in tracking the
reflection phase after each reflection event. The reflection phase analysis can help in
distinguishing between thin-film resonance based light absorption and general light
absorption.
When the wavelength of the incident light (λ) is comparable to the film thickness
(λ ≈ d), the waves reflected from the front and back interfaces of the thin-film can
interfere constructively or destructively. This has been applied to design anti-reflection
and high-reflection optical coatings used in eye-wear, mirrors, lenses, windows-panes,
computer screens etc [107]. Most of these systems consist of loss-less dielectric thin-
films with a minimum thickness of λ/4n′f . If the film thickness is much less than λ
or the film is optically lossy, the wave interference effects are extremely weak. When
the film thickness is less than λ/4n′f , the wave propagating through the film does not
acquire sufficient phase and hence the wave interference effects are less noticeable (Fig.
3.4(b)). Generally, films made of lossy media also do not show such interference effects
because of the strong attenuation of the wave intensity as it propagates through the
film (Fig. 3.4(c)).
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3.6 Ultrathin Film Interference
Wave interference effects in thin films with thickness of the order of wavelength of
incident light have been investigated for a wide variety of applications. However, the
interference effects in ultrathin films with d < λ/4n′f have generated research interest
only recently. Unlike the traditional thin-film interference effect which is commonly
observed in all dielectric transparent media, strong interference in ultrathin films can
be sustained only in the presence of optical losses. In this section, the concept of wave
interference effects in lossy dielectric films on metal substrates forming an asymmetric
Fabry-Perot resonator is discussed, with reference to Fig. 3.5 which shows the situation
of a lossy thin film on an imperfect, highly reflecting mirror.
Figure 3.5: Light incident at angle θ1 is reflected from thin-film struc-
ture comprising a film with refractive index nf = n
′
f+kf and thickness
d ≤ λ/nf deposited on a metal substrate with refractive index nm.
A perfect electric conductor (PEC) is characterized by ns → ∞ and ks → ∞.
A PEC is a prefect reflector so it offers a phase shift of φr = π upon reflection.
When a lossy thin film is coated on such a reflector, a minimum of quarter wavelength
thickness is required to excite Fabry-Perot like resonances. Such a three layer structure
(air-film-reflector) is popularly known as an asymmetric Fabry-Perot or Gires-Tournois
etalon [12, 13, 110]. In real world no metal is a perfect conductor which implies that
the metal-dielectric interface has a reflectivity value less than 1 and reflection phase
shift φr 6= π. This non-trivial phase shifts at the metal-dielectric interface assists
in resonance-enhanced absorption of light in lossy films with thicknesses less than
d < λ/4nf .
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In 2012, Mikhail A. Kats and co-workers showed that thin-film interference effects
can persist in a lossy-dielectric thin-film if the film thickness is significantly less than
λ/4n′f [1]. The thin-film structures they studied consisted of lossy (kf of the order of
n′f ) germanium films on gold substrates (Fig. 3.5). When the wave propagates inside
the film, it gets reflected from the substrate and accumulates a total phase (φ = φr+φp)
which is the sum of the reflection phase (φr) and the propagation phase (φp) acquired
during propagation inside the thin-film. Due to the finite conductivity of metal, φr is
close to 2π (φr = 2π−δ). The sub-wavelength thickness of the dielectric film provides a
very small phase shift (φp ≈ δ) making total phase φ ≈ 2π which is required for exciting
thin-film resonance. Such a resonant excitation requires a lossy metallic substrate to
provide a close to 2π phase shift, unlike dielectric-dielectric interfaces where the phase
shift is either 0 or π.
The concept of resonance-enhanced absorption in ultrathin films can be illustrated
by analyzing the reflection properties of such three layered structures. The reflectivity
of thin-films with refractive index n = n′ + ik on PEC and gold substrates are shown
in Fig. 3.6, where n′ and k vary from 1 to 5 and 0 to 6, respectively, λ = 500 nm and
θ = 10◦. For a PEC substrate, the calculated reflectivity for d = 10 nm is close to 1 for
all the values of n′ and k (Fig. 3.6(a)). However, when the film thickness is increased
to 60 nm the reflectivity approaches zero for a close to quarter-wavelength thickness of
a weakly absorbing film with n = 2.1 + 1i, corresponding to a destructive interference
minimum. In contrast to a PEC, for gold substrate even 10 nm thick film supports
destructive interference around n = 3.5 + 1.5i, where the reflectivity approaches zero
(Fig. 3.6(c)). The thicker film with d = 60 nm exhibits two strong resonance spots
for the gold substrates, where one of the resonances occurs around the index 1.5 + 0.5i
(Fig. 3.6(d)), a value that can easily attained by incorporating absorbing species into
polymers like polyvinyl alcohol, polymethyl methacrylate, polystyrene etc.
To further elaborate this idea the absorption spectra of germanium coatings in the
presence of gold (Au) and silver (Ag) substrates are analyzed here. Kats et al [1], Song
et al [12] and Park et al [13] studied these thin-film structures with the motivation to
design ultrathin perfect absorbers for photo-detectors and solar cell applications. They
wanted to demonstrate that lossy coatings as thin as 12 nm can absorb close to 100% of
the incident light in the presence of suitable metal substrate. The calculated absorption
of 12 nm thick germanium coating by itself and on Au and Ag substrates are shown in
Fig. 3.7 (a) with dashed red line, solid black line and solid blue line, respectively. It
is evident that the presence of metal substrate increases the absorption in the whole
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Figure 3.6: Reflectivity for a film with refractive index n = n′+ik and
film thickness (a) d = 10 nm and (b) d = 60 nm, on PEC substrate
at λ = 500 nm, θ = 10◦. Corresponding reflectivity for films on gold
substrates for (c) d = 10 nm and (d) d = 60 nm. Refractive index for
Au is nAu = 0.44 + i2.24, taken from Ref [1].
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region (400 nm to 800 nm). While the increase in absorption in the wavelength range
400 nm-500 nm can be explained by considering double pass of the incident light upon
reflection from the substrates, the same argument cannot be applied to the strong
absorption around 650 nm where the sample exhibits close to 100% absorption and the
Ge coating by itself shows less 15 % absorption (and both the metals do not absorb in
that region). This unusually high absorption can be explained by invoking resonance-
enhanced absorption of light in Ge coating due the presence of metal substrates.
Figure 3.7: (a) Calculated absorption spectra of 12 nm thick germa-
nium (Ge) coating by itself (red dashed line) and on silver (Ag, black
solid line) and gold (Au, solid blue line) substrates, under normal
illumination. (b) Partial reflection coefficients of these three cases
calculated at λ1 = 636 nm and λ2 = 655 nm for the Ag and Au (no
substrate) substrates, respectively. Refractive indices for Ge, Au and
Ag taken from Ref [111].
Figure 3.7 (b) shows a phasor diagram of the partial reflection coefficients (r0, r1, r2)
of these three cases, calculated at the absorption peak wavelengths λ1 = 636 nm and
λ1 = 655 nm for Ag and Au (no substrate) substrates, respectively. The phasor diagram
shows the accumulation of first 25 partial reflection coefficients, however the current
discussion is focused on r0 and r1. All the partial reflection coefficients begin at (0,0),
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after the first reflection from air-Ge interface (r0) the light reflects from the bottom
interface of the film which corresponds to r1. The reflection phase acquired from the
top interface is almost π for the Ge-Air case, whereas it is close to 2π for the Ge-metal
interfaces(the angle between r0 and r1). The close to 2π phase difference acquired upon
reflection from the Ge-metal interface and the propagation phase acquired by travelling
inside 12 nm thick film create suitable conditions to sustain thin-film interference effects
which leads to strong absorption at certain wavelengths. Deeper understanding of the
absorption mechanism of such thin-film structures can be gained by calculating the
amount of energy absorbed in the lossy coating and the metal substrate, which is
discussed in the next section.
3.7 Local Energy Absorption
Understanding where and how energy is absorbed in an ultrathin optical resonator is
very important for the design of sensors using these systems, as ideally most or all of
the energy should be absorbed in the lossy thin film rather than in the metal substrate.
The conservation of energy for the electromagnetic field is often called as Poynting’s
theorem, which can give insight into the energy dissipation mechanism [112]. The total























The vector S = E × H is referred to as the Poynting vector with the dimensions of
energy per unit area and per unit time. The divergence of Poynting vector gives the
energy flow through the boundary surface per unit time.
In order to incorporate the material dispersion and losses it is necessary to take
the Fourier decomposition of the electromagnetic field. If E and H vectors are more
responsive to a certain carrier frequency ωo then the average of the last two terms of








= ωoImε(ωo) < E





where Ueff is the effective electromagnetic energy density
Ueff = ωoReε(ωo) < E
2 > +ωoReµ(ωo) < H
2 > . (3.47)
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Then Eq. (3.45) can be rewritten to arrive at Poynting’s Theorem [112].
∂Ueff
t
+∇.S = −J.E− ωoImε(ωo) < E2 > −ωoImµ(ωo) < H2 > (3.48)
In equation (3.48) the second term on the right-hand side represents the absorptive






The local absorption in the thin-film structure offers insight into the energy dissipation
mechanism. Especially for thin-film structures made of weakly absorbing films which
exhibit unusual strong absorption under certain illumination conditions, it is important
to study what fraction of light is absorbed inside the lossy film. Note also that because
the reflector is not a PEC there is significant absorption in the metal film. Fig. 3.8
shows an example of local absorption profile for a sample comprising a weakly lossy-
dielectric coating on a metal substrate, where the larger fraction of light (88%) is
absorbed in the weakly lossy layer. Such calculations can help in distinguishing between
usual light absorption and resonance-enhanced light absorption, which is used for the
systems studied in Chapters 4,5, and 6 of this thesis.
Figure 3.8: Normalized local absorption profile of a 94 nm thick film
with n = 1.5+0.027i on a substrate with n = 0.058+3.48i illuminated
by s-polarized light (λ = 536 nm) incident at θ = 10◦.
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3.8 Asymmetric Fabry-Perot Resonators for Gas
Sensing
In the past, thin-film based gas sensors were made of a few micron thick sensing layers
in order to sustain strong wave interference effects. Kats [1] discovery establishes that
it is possible to sustain similar interference effects in ultrathin films which can also
be exploited for gas sensing applications by employing materials which respond to the
presence of gases by change in film thickness and/or absorption. It is important to
assess the benefits of working with ultrathin lossy sensing layers before venturing into
experimental investigations. To that end, some points to highlight the advantages of
gas sensors made of ultrathin lossy coatings on metal-substrates are presented here.
• Thinner films can be more sensitive to thickness changes.
When a thin-film with refractive index nf and initial d0 undergoes a small thick-
ness change ∆d, resonant wavelength λFP shifts by ∆λ. For a given excitation
conditions ∆λ/λFP ∝ ∆d/d0, which implies smaller film thicknesses offer larger
wavelength shifts for a given change in film thickness.
• Optically lossy materials can be used.
Many gas sensing materials are optically lossy and hence, have not been used
in conventional Fabry-Perot or thin-film interference based optical gas sensing
schemes. Such optically lossy materials can easily be adopted in this sensing
scheme.
It is possible to couple the weak thin-film resonances with other resonances like
dye-molecular absorption [113] and localized surface plasmon resonance etc. Such
resonantly coupled systems are very sensitive to the ambient atmosphere of the
thin-film structures. In such systems the resonant coupling offers spectral features
which can be more sensitive to changes in the film-thickness or refractive index
when compared to the sensitivity of uncoupled resonances.
• Faster response
In most systems the sensing response arises due to the diffusion of the analyte
molecules into the bulk of the film. The internal diffusion of the molecules through
the pores in the film, the reaction rate and the activity at the outer layer compete
with each other to govern the final response time. For internal diffusion limited
processes, the final rate of reaction varies inversely with the particle diameter.
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Hence, working with finer particles and overall thinner films can lead to faster
response.
• Reduction in baseline drifts
Most sensors show a small variation in their response when exposed to the same
concentration of analyte under identical conditions. Depending on the specific
transduction mechanism, the source of the drift can be completely different. Some
of the common causes are strongly adsorbed species in deep pores, diffusion of
oxygen vacancies into the bulk of the material and poisoning from other species.
By working with ultrathin films, which largely rely on the surface changes for
the signal transduction instead of the bulk response, some of these contributing
factors can be suppressed.
3.9 Outlook
Over the last few decades, thin-film interference based sensing has been limited to
transparent thick films because conventional way of exciting thin-film interference effect
was restricted to transparent dielectric films with thickness greater than or equal to
quarter-wavelength of the probing light. Recent studies show that it is possible to
sustain strong interference effects in a few nanometres thick optically lossy thin films
[1,12,13]. This opens a new area of research for studying thin-film interference effects
in lossy ultrathin films which find applications in photovoltaics, surface photo-catalysis
and energy harvesting [1,12,13]. Lossy ultrathin films on metal substrates also provide a
platform to investigate plasmonic gap-resonance and molecular excitation dynamics in
coupled-resonance systems [114,115]. While the work on sub-wavelength lossy cavities
will contribute to general understanding of these system and can be used for the above
mentioned applications, this thesis explores the possibility of using them for gas sensing
applications.
In the following three chapters such thin-film systems are investigated with the
motivation to understand their reflection properties, energy dissipation mechanisms
and their response towards changes in ambient humidity and carbon-dioxide.
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Chapter 4
Humidity Sensing Using Dye-doped
Ultrathin Film Cavities
4.1 Introduction
Wave interference effects in sub-wavelength thickness lossy films is a relatively new
area of research and is yet to be investigated for gas sensing applications. When com-
pared to the traditional thin-film resonators, as shown in Fig. 4.1, thin-film structures
comprising ultrathin coatings on metal substrates can offer advantages, as outlined in
Section 3.8, including higher sensitivity, shorter response time and reduced baseline
drift, which makes them an attractive alternate gas sensing platform. To sustain reso-
nances in ultra-thin films, material needs to be optically lossy, which can be achieved
by either artificially introducing optical losses in transparent sensing materials or by
working with naturally lossy materials. The former option is very important because it
gives the opportunity to build upon the existing knowledge of the gas sensing responses
of various transparent media, and hence is explored in this chapter, while the latter
method is discussed in the subsequent chapters.
Well studied transparent sensing materials can be made lossy and adopted in ultra-
thin film resonator configuration with the help of absorbing species like dye-molecules,
quantum dots, or metal nanoparticles. In addition to making the material optically
lossy, these absorber entities also enrich it with additional resonances, arising from
dye-molecular excitations or confinement effects, which can be made to interact with
the open-cavity resonance by optimizing the thin-film structure properties. This mo-
tivates the design of the thin-film structure explored in this chapter, which comprises
a dye-doped polymer layer on silver substrate. This thin-film structure provides a rich
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Figure 4.1: Schematic of (a) a traditional thin-film resonator made of
transparent dielectric media with refractive indices n1 and n2 and (b)
an ultrathin film resonator comprising a lossy coating with refractive
index n+ ik on a metal substrate. λ is the wavelength of the incident
light and d is the film thickness.
playground to study resonance-enhanced absorption of light in an ultrathin lossy coat-
ing where the dye-molecular excitation can interact with the open cavity Fabry-Perot
resonance. Regarding the sensing aspect of this structure, a swellable polymer is chosen
to induce changes in the structure of the thin-film cavity in response to humidity.
This chapter discusses the resonance-enhanced absorption of light in ultrathin cav-
ities made of dye-doped polymer coatings on metal substrates. The dye-doped cavity
can show strong enhancement of the weak dye molecular absorption due to the coupling
between the dye-molecular excitations and the Fabry-Perot resonance. The coupling
between these resonances depends upon various parameters, like angle of illumination,
polarization of the incident light, polymer film thickness, and the dye concentration,
which are discussed in the first part of the chapter. The second part of the chapter
discusses vapour sensing applications of this thin-film structure. Specifically, the ab-
sorption spectra of dye-doped films on silver substrates are investigated under different
ambient humidity conditions, and sensing characteristics are determined.
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4.2 Materials and Methods
In this chapter the absorption properties of thin-film structures comprising rhodamine
6G (Rh6G) dye-doped polyvinyl alcohol (PVA) films on silver (Ag) substrates are dis-
cussed. Throughout the discussion, the thin-film structure is labelled as PVARh6G − Ag
(Fig. 4.2(a)). Two other types of samples, one comprising an undoped PVA thin-film
on Ag substrate which is labelled as PVA− Ag (Fig. 4.2(b)) and the other with a
Rh6G doped PVA thin-film on a glass substrate, labelled as PVARh6G −Glass (Fig.
4.2(c)), are studied as control samples.
Figure 4.2: Schematic of thin-film structures comprising (a) Rh6G
doped PVA film on a Ag substrate (b) undoped PVA film on a Ag
substrate and (c) Rh6G doped PVA film on a glass substrate.
4.2.1 Sample preparation
An aqueous solution of PVA was prepared by dissolving PVA of molecular weight
72000g/mol (85% degree of hydrolysis) in distilled water. To ensure complete disso-
lution of PVA in water, the solution was stirred for 6 hours at 80◦C. Rhodamine 6G
(Rh6G) dye was dissolved in ethanol to obtain solutions of different concentrations
of Rh6G (1 mM to 5 mM). Then the aqueous PVA solution was mixed with different
Rh6G solutions in 1:1 volume ratios to obtain Rh6G-doped PVA solution with different
concentrations CRh6G = 0.001, 0.002, 0.005 wt% of Rh6G in PVA.
Samples were fabricated by first depositing an optically thick layer of Ag on glass
substrates by using the thermal vacuum deposition. Then Rh6G-doped PVA solution
was spun coated on top of the freshly deposited Ag films, whereby the PVA film
thickness can be controlled by changing the concentration of PVA in the aqueous PVA
solution and/or the spinning speed of the deposition. A PVA concentration of 28.5
mg/ml and a spinning speed of 3350 rpm gave a PVA film thickness of about 100 nm.
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The control samples, PVA− Ag and PVARh6G −Glass, were fabricated by spin
coating an undoped PVA solution on a Ag substrate and Rh6G-doped PVA solution
on a glass substrate, respectively.
The PVA film thicknesses were measured using a scratch method with an atomic
force microscope (AFM). For these measurements, PVA films on glass substrates were
first scratched using a knife edge, (due care was taken to ensure that the substrate
surface does not get scratched and only the PVA film tears open) then the scratch
edge was scanned using an AFM. Figure 4.3 (a) shows an AFM scan of the surface of
a scratched PVA film on a glass substrate. A cross section was selected (white dashed
line) to measure the step height (98 nm in this example) which corresponds to the
thickness of the PVA film.
Figure 4.3: (a) AFM surface scan of a scratched PVA film on a glass
substrate. (b) The cross section data corresponding to the dashed
white line A which is shown on the left.
The uniformity of the PVA layer was also studied using a scanning electron mi-
croscope (SEM), which further confirmed that the Rh6G-doped PVA forms a homoge-
neous layer using spin-coating. The samples for SEM scans were prepared on silicon
substrates. The SEM scans of the cross section and the PVA film surface are shown in
Fig. 4.4.
4.2.2 Experimental setup
Optical characterizations of the samples were carried out by using angle-resolved re-
flection spectroscopy. The layout of the setup is shown schematically in Fig. 4.5.
The samples were illuminated with polarized white light from a tungsten lamp (Ocean
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Figure 4.4: SEM scan of a 100 nm thick Rh6G doped PVA film on
silicon (a) cross section and (b) top-view [116].
Optics LS-1). The reflection spectra (R) were acquired for s- and p-polarized light, with
the electric field vectors oriented perpendicular and parallel to the plane of incidence,
respectively. The reflection spectra were collected for various angles of incidence (θ)
using a fibre coupled spectroscope (Ocean Optics USB 2000). The absorption spectra
(A) were calculated as A = 100%− R for opaque samples while A = 100− R − T for
semi-transparent samples with, T the transmission spectrum.
Figure 4.5: Schematic of the experimental setup showing s-polarized
white light incident at an angle θ on the sample mounted inside a
controlled humidity glass cell, where the reflected spectra and the
humidity values can be recorded simultaneously. [116]
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4.2.3 Humidity control
To study the effect of ambient humidity on the absorption spectra (A), the samples
were mounted inside a cylindrical glass cell of a height 5 cm and a diameter of 3.8 cm
(Fig. 4.6). A commercial humidity and temperature data logger (Thorlabs TSP01)
Figure 4.6: The glass cell used for placing the sample in a humidity
controlled environment.
was used as the reference sensor, which was mounted inside the glass cell to record
the humidity levels. The humidity inside the glass cell was controlled by feeding in a
mixture of dry and humid nitrogen (N2) gas. Humid N2 was generated by passing dry
N2 gas through a sealed container which was partially filled with water (Fig. 4.7).
Figure 4.7: Schematic of the gas flow control used for preparing humid
nitrogen gas mixtures with different humidity levels.
Then the humid N2 was mixed with dry N2 to achieve the required humidity levels.
The regulators C1 and C2 control the relative amount of dry and humid N2. In order
to attain uniform humidity throughout the glass cell, the gas mixture was fed into the
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cell via two ports which guide the gas to smaller holes that are distributed around
the sample and the reference sensor uniformly (Fig. 4.6, top-view). Humidity was
measured in terms of relative humidity (RH), which is defined as the ratio of actual
water vapour pressure to the saturated vapour pressure at a given temperature. By
switching between dry N2 and humid N2, a range of RH = 5% to 75% was accessible
inside the sample chamber. Figure 4.8 shows the variation in RH recorded by the
commercial sensor, when the humidity inside the chamber is varied in time.
Figure 4.8: Relative humidity inside the sample chamber as recorded
by the reference sensor when the gas flow turns from dry to humid
N2.
4.2.4 Simulations
The absorption properties of the thin-film structures were simulated using the transfer
matrix method described in Chapter 3 and Ref [108]. A MatlabTM tool-box from
Ref [108] was used to calculate the absorption (A), reflection (R) and transmission (T )
spectra of PVARh6G − Ag, PVARh6G −Glass and PVA− Ag samples.
The effective dielectric constant of the dye-doped PVA (εPV A+dye) was calculated
using the weighted sum of Lorentzians (Eq. (4.1)), where each Lorentzian peak corre-
sponds to a dye absorption peak [113,117].





ω2absj − ω2 − iωγj
(4.1)
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The absorption spectrum of Rh6G dye has two peaks when dissolved in ethanol1, as
shown in Fig. 4.9 with solid red line [118]. This spectrum can be decomposed into a
weighted sum of two Lorentzians, one at ωabs1 = 3.55× 1015 s−1 with a spectral width
γ1 = 1.75 × 1014 s−1 (blue line) and another at ωabs2 = 3.79 × 1015 s−1 (green line)
with a spectral width γ2 = 2.18 × 1014 s−1. These values can be used in Eq.(4.1) to
calculate the dielectric constant of Rh6G doped PVA films, however the absorption of
Rh6G molecules is sensitive to the solvent, or more appropriately, the dielectric host
in this case [119].
Figure 4.9: Reference absorption spectrum of Rh6G dye in ethanol
taken from Ref [118] (solid red line), weighted sum of two Lorentzians
Lsum = 0.82× L1 + 0.18× L2 (dashed red line). Contributions of
Lorentzian L1 at ω1 and L2 at ω2 are shown by blue and green dashed
lines. Here ω = 2πν.
In order to improve the fit with experimentally measured spectra of dye-doped films
on silver substrates, the parameters of contributing Lorentzians had to be optimized.
All the calculations in this chapters were preformed using ωabs1 = 3.51× 1015 s−1 (536
nm) with a spectral width γ1 = 1.58 × 1014 s−1 (24 nm) and ωabs2 = 3.75 × 1015 s−1
1data is available at http://omlc.org/spectra/PhotochemCAD/html/083.html
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Table 4.1: Values of ∆εRh6G for different concentrations of Rh6G
(CRh6G)
CRh6G (wt%) 0.002 0.004 0.054
∆εRh6G 0.005 0.008 0.1
(502 nm) with spectral width γ2 = 3.33× 1014 s−1 (45 nm). The weighting factors are
A1 = 0.82 and A2 = 0.18. The coefficient ∆εRh6G correlates to the concentration of the
dye (CRh6G). The values of ∆εRh6G which are listed in Table 4.1 were adopted from
Ref [113].
The refractive index of PVA was taken from Ref [113] (nPV A = 1.5) for the calcu-
lations where humidity is not a governing factor. For the case where humidity does
play a role nPV A was adopted from Ref [120] (the nPV A linearly decreases from 1.46
to 1.378 as RH increases from 10% to 70%). The dielectric constant of Ag was taken
from Ref [121].
4.3 Resonance-enhanced Absorption in Dye-doped
Polymer Ultrathin Cavities
The weak-dye molecular absorption in a dye-doped ultrathin PVA film can be sig-
nificantly enhanced in the presence of a metal substrate. This resonance-enhanced
absorption has a strong dependence on factors like PVA film thickness (d) and Rh6G
concentration (CRh6G, ∆εRh6G), as well as the angle and the polarization of the incident
light. This section discusses the physical nature of the resonance-enhanced absorption
in the PVARh6G − Ag samples and the factors which influence the absorption properties
of thin-film structures.
4.3.1 Measured spectra
The measured absorption spectrum of a PVA− Ag control sample of thickness d = 100
nm has a broad absorption peak at λFP = 525 nm with A525 = 25%, when illuminated
with s-polarized white light incident at θ = 81◦ (shown in Fig. 4.10 with a dotted
line line). In contrast, the absorption spectrum of a PVARh6G − Ag sample (solid line,
d = 100 nm) has a strong absorption peak at λ = 536 nm (A536 = 88%) under the same
illumination conditions. The only difference in these two samples is the presence of
Rh6G-molecules in the PVARh6G − Ag sample. So the increase in the absorption around
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λ = 536 nm must arise due to the dye-molecular absorption. However, the absorption
spectrum of the control sample PVARh6G −Glass with the same film thickness and dye-
concentration shows only Amax = 24% at λ = 536 nm (dashed line). This implies that
the absorption in PVARh6G − Ag thin-film structure at λ = 536 nm is higher than the
sum of the absorption shown by its undoped counterpart (PVA− Ag) and the Rh6G
molecular absorption in the PVARh6G −Glass sample.
Figure 4.10: Measured absorption spectra for PVARh6G − Ag (solid
line), PVA− Ag (dotted line) and PVARh6G −Glass (dashed line)
samples with film thickness d = 100 nm and CRh6G = 0.002 wt%
(s-polarization, θ = 81◦) [116].
This strong absorption of light at λ = 536 nm shown by PVARh6G − Ag sample can
be explained in terms of an interplay of the thin-film resonance in an air− PVA− Ag
cavity and the dye-molecular absorption, as described in Chapter 3. A traditional FP
resonator consists of two highly reflective surfaces which are separated by a distance
d ≥ λ/2. The FP resonances can be easily identified on the reflection and absorption
spectra as sharp Lorentzian peaks. The air− PVA− Ag system partially fulfils the
requirements of two reflective surfaces with the air−PVA interface being an extremely
low reflecting surface and the PVA− Ag being a highly reflecting surface. Unlike
a traditional cavity with a sharp Lorentzian absorption peak, this ultrathin cavity
shows a broad absorption peak. The weak FP resonance of PVA− Ag has sufficient
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spectral overlap with the Rh6G-absorption band (524 nm to 548 nm) which allows
weak interaction of these two resonances and leads to the strong absorption of light in
the sample.
4.3.2 Resonance enhancement mechanism
In order to understand the mechanism behind the resonance-enhanced absorption in
the PVARh6G − Ag sample, the reflection and absorption properties of the sample were
simulated using partial wave calculations and the transfer matrix method.
As discussed earlier, light reflection from a thin-film structure comprising a film
on a substrate can be viewed as a multiple-reflection process, where the final reflectiv-
ity (r) is the sum of all partial reflections (r0, r1, r2 etc., see schematic in Fig. 4.11)
which can be calculated using Fresnel’s formulae derived in Section 3.5. The partial
reflection coefficients are complex numbers and can be studied using a phasor diagram
with the imaginary part on the vertical axis and the real part on the horizontal axis
as shown in Fig. 4.11(a). The origin (0,0) corresponds to the minimum reflection
value 0 and the maximum reflection value 1 is indicated with a blue dotted line. On
the phasor chart the displacement of a point correlates with magnitude of the partial
reflection coefficient and angle between the subsequent steps indicate the phase differ-
ence. The phasor diagrams for step-wise accumulation of 10 partial wave reflections
from PVARh6G − glass and PVARh6G − Ag samples are shown in Fig. 4.11 (a) with red
and black lines, respectively. The calculations were performed using s-polarized light of
wavelength λ = 536 nm incident at θ = 85.5◦ as the illuminations conditions, while the
sample parameters were d = 93.9 nm and ∆εRh6G = 0.005. The phasors for both the
samples begin at the origin (0,0), then converge towards the final reflectivity of each
sample. The first phasor (r0) is the same for both samples, because it corresponds to
the reflection at the air− PVARh6G interface. But the second phasor (r1) is different
for these two samples, because r1 for the PVARh6G − glass sample corresponds to re-
flection from the PVARh6G − glass interface whereas for the PVARh6G − Ag sample it
arises from the interface between PVARh6G and Ag substrate, leading to some inter-
esting consequences. While the phasor for the PVARh6G − glass sample converges very
quickly to r = −0.88− 0.007i, which corresponds to a high reflection value, the phasor
for the PVARh6G − Ag experiences a phase shift of close to 2π (the angle between r0
and r1 for the black lines in Fig. 4.11 (a)) upon reflection from the Ag substrate and
the consecutive partial reflections add up to converge at r = −0.002, which implies
close to zero reflection.
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Figure 4.11: (a) Phasor diagram of reflected partial waves at λ = 536
nm for Rh6G doped PVA film on Ag (black line) and glass (red line)
substrates. The blue dotted line represents r = 1. (b) Simulated re-
flection spectra for PVARh6G − Ag (black) and PVARh6G − glass (red).
Absorption (A, solid line) and transmission (T, dashed line) spectra
for (c) PVARh6G − glass and (d) PVARh6G − Ag samples. For all the
plots in this figure s-polarized light is incident at θ = 85.8◦, d = 93.9
nm, and Rh6G concentration ∆εRh6G = 0.005.
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This analysis can be supplemented with reflection spectra calculated using the
transfer matrix method. The reflection spectra of the PVARh6G − glass and PVARh6G − Ag
samples obtained from the transfer matrix method are shown in Fig. 4.11 (b) with red
and black lines, respectively. At λ = 536 nm, the PVARh6G − glass sample has a high
reflection of 77% while the PVARh6G − Ag shows only 2.6% reflection. Both the meth-
ods, transfer matrix method and accumulation of partial reflection coefficients, predict
the final reflection from the PVARh6G − glass sample to be much higher than that of
PVARh6G − Ag sample. This also confirms that the close to 2π phase shift offered by
the Ag substrate and significant contribution from the subsequent partial reflections
play a crucial role in the reflection/absorption properties of the PVARh6G − Ag sample.
A closer inspection of the absorption and transmission spectra of theses samples re-
veals the extent of enhancement in dye-absorption that occurs due to the presence of the
silver substrate. The dip in the reflection spectrum of the PVARh6G − Ag sample (Fig.
4.11 (b), black line) corresponds to a peak in its absorption spectrum shown in Fig.
4.11 (d) (solid black line), with A = 97% at λ = 536 nm. As for the PVARh6G − glass
sample (Fig. 4.11 (c)), which is semi-transparent, the reflection spectrum has a weak
feature around the Rh6G absorption band shown in (b) (λ = 536 nm) and a very weak
absorption peak shown in (c) arising from dye-molecular excitations (A = 2%). These
calculations show that the absorption in PVARh6G films gets enhanced by 48.5 times
in the presence of Ag substrate.
To further elaborate upon the role of the silver substrate an interesting case is
discussed here. If the Ag substrate acts as a mirror and therefore does not contribute
to the reflection phase, then the reflection properties of the PVARh6G − Ag sample
can be mimicked by a PVARh6G film with twice the thickness while air acts as the
superstrate as well as the substrate (Fig. 4.12).
The reflection spectrum of such a sample was calculated using method described
earlier in § 4.2.4. The spectrum of the sample has a strong dip which is very similar to
the PVARh6G − Ag. However, unlike the PVARh6G − Ag sample where the reflection dip
corresponds to the absorption peak, for the PVARh6G film the reflection dip corresponds
to a peak in the transmission spectrum, suggesting that it arises from excitation of a
FP resonance. The absorption spectrum reveals an interesting double peak feature,
the first peak at λ = 425 nm corresponds to the absorption in the FP mode and the
second peak, at λ = 536 nm, is due to the dye absorption. These two absorption peaks
are 110 nm away from each other and hence will not interfere. So even if the reflection
properties of PVARh6G − Ag and the suspended PVARh6G film with twice the thickness
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Figure 4.12: Calculated (a) reflection (R, black solid line), transmis-
sion (T , dashed line) and (b) absorption (A) spectra for a PVARh6G
film with thickness 2d = 2 × 93.9 nm and an Rh6G concentration
∆εRh6G = 0.005 when suspended in air (s-polarized, θ = 85.8
◦).
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are similar, the underlying mechanisms are very different for these two samples. This
highlights the crucial role played by the Ag substrate, which provides the reflection
phase shift required for the resonance-enhanced absorption.
4.3.3 Energy dissipation mechanism
In order to understand the energy dissipation mechanism in the PVARh6G − Ag sample,
the absorption and electric field and local absorption profiles inside the sample were
studied using the transfer matrix method (Fig. 4.13). The PVARh6G − Ag sample
Figure 4.13: Calculated (a) electric field and (b) local absorption
profiles across the PVARh6G − Ag sample with d = 93.9 nm and an
Rh6G concentration ∆εRh6G = 0.005 for s-polarized illumination at
θ = 85.8◦.
comprises two absorbing media, first the weakly absorbing PVARh6G with n = 1.518 +
0.0315i and second the Ag substrate with n = 0.0577 + 3.4775i, where values of n were
taken at λ = 536 nm. Since the absorption coefficient of Ag is 112 times higher than
that of the PVARh6G, it is reasonable to expect that the majority of the light absorption
occurs in the Ag substrate. However, on the contrary, calculations show that 93% of
the incident light is absorbed in the PVARh6G layer and only 7% is dissipated in the
Ag substrate. This establishes that the absorption peak arises from enhancement of
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the weak dye absorption due to resonance sustained in the presence of metal substrate.
The electric field profile and the absorption profile of the PVARh6G − Ag sample with
d = 93.9 nm at λ = 536 nm (θ = 85.8◦, s-polarization) are shown in Fig. 4.13.
The electric field profile (Fig. 4.13(a)) looks like a quarter-wave mode. Close to λ/5
path length in the PVARh6G layer due to the oblique angle of incidence, along with the
finite depth of penetration in the Ag substrate, make it possible to sustain the mode.
4.3.4 Effect of illumination conditions
As discussed above, the resonance-enhanced absorption of light in the PVARh6G − Ag
sample occurs due to an interplay of the FP resonances and the dye-molecular excita-
tions. Both the polarization and the angle of the incident light influence the excitation
of the FP resonance in the air− PVA− Ag cavities, which in turn affects the enhanced
absorption of light in the PVARh6G − Ag samples.
The simulated absorption spectra of the PVARh6G − Ag and PVA− Ag samples
(with d = 100 nm) when illuminated with p and s-polarized light are shown in Fig. 4.14.
For p-polarized illumination, the PVA− Ag sample shows less than 5% absorption
(Fig. 4.14(a)). This suggests that the PVA− Ag sample is a broadband reflector for p-
polarized light. When the PVA film is doped with Rh6G molecules, the sample exhibits
a weak absorption peak at λ = 536 nm as can be seen in Fig. 4.14(c). The absorption
spectra for θ = 20◦, 40◦ and 60◦ almost overlap, indicating that the absorption has
very little dependence on θ. Further increase in θ causes a reduction in absorption
(Fig. 4.14(c), black line). Both, PVARh6G − Ag and PVA− Ag samples show less than
9% absorption for p-polarized illumination at θ = 80◦. In contrast, for s-polarized
illumination the PVARh6G − Ag sample shows 75% at λ = 536 nm for θ = 80◦ (Fig.
4.14(c), black line) and the absorption decreases by 51% when θ changes from 80◦ to
20◦.
Now, turning the attention back to the PVA− Ag sample (Fig. 4.14(b)) in case of s-
polarized illumination, there is a noticeable FP resonance at θ = 80◦. The illumination
conditions for observing resonance-enhanced absorption in the PVARh6G − Ag sample
coincide with the conditions required for exciting the FP resonance in the PVA− Ag.
The absorption details discussed above show that the air− PVA− Ag ultrathin
cavity has a small dependence on the polarization and the angle of illumination. The
small difference in the absorption spectra of PVA− Ag under different illumination
conditions are significantly magnified by the presence of Rh6G dye molecules. Since
the dye-molecular absorption is independent of these factors, it is the interplay of these
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Figure 4.14: Simulated absorption spectra of PVA− Ag and
PVARh6G − Ag samples with d = 100 nm and an Rh6G concentration
∆εRh6G = 0.005 are shown in the top and the bottom panels, respec-
tively. The left and right panels corresponds to p and s-polarized
illuminations, respectively. All the sub-plots share the same colour
code for four different values of the incident angle, θ = 20◦ (red line),
40◦ (green line), 60◦ (blue line) and 80◦ (black line).
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two resonances which makes the absorption behaviour of PVARh6G − Ag sample very
sensitive to the illumination conditions.
4.3.5 Effect of thin-film properties
The absorption properties of the PVARh6G − Ag sample can be flexibly tuned by chang-
ing the film thickness (d) and the dye concentration (CRh6G). The dye concentration
(CRh6G, ∆εRh6G) is related to the optical losses in the ultrathin cavity, whereas the film
thickness dictates the spectral position of the FP resonance and affects the strength of
the coupling between the resonances.
The calculated absorption spectra of PVARh6G − Ag with ∆εRh6G = 0.005 and
PVA− Ag samples with different film thicknesses are shown in Fig. 4.15 (s-polarization,
θ = 81◦). The PVA− Ag samples with d = 80 nm and d = 120 nm support FP res-
onances at λFP = 473 nm and λFP = 638 nm, respectively (shown at the bottom
panel of Fig. 4.15). The data indicates that these resonances do not have sufficient
overlap with the Rh6G absorption band (524 nm to 548 nm). Thus, when doped with
Rh6G dye, the FP resonances of these two films do not interact with dye molecules
and hence the absorption spectra show double peaks (top panel of Fig. 4.15(a) blue
and green solid lines). One peak corresponds to the FP resonance and the other peak
is at λ = 536 nm due to Rh6G absorption. The spectral position of the FP resonance
is marked with a dotted line for each film thickness. When the film thickness is tuned
to d = 94 nm, the FP resonance overlaps with the dye-absorption peak which leads to
an enhancement of the latter.
Turning now to the effect of dye-concentration (CRh6G) on the absorption spectra
of PVARh6G − Ag which is discussed with support of experimental data. The exper-
imentally acquired absorption spectra of a 100 nm thick PVARh6G − Ag sample for
three different concentration of dye and a PVA− Ag sample (which is the same as
PVARh6G − Ag, with CRh6G = 0) are shown in Fig. 4.16 (s-polarization, θ = 81◦). The
data suggests that the absorption at λ = 536 nm increases when CRh6G is raised from
0.001 to 0.005 wt% of Rh6G in PVA. Another noticeable effect is that the absorption
peak for CRh6G = 0.002 (black line) is sharper than CRh6G = 0.001 (green line) and
CRh6G = 0.005 (blue line). When CRh6G = 0.001, the cavity losses are small and the
effect of the dye is not strong enough. In contrast, for CRh6G = 0.005 the cavity losses
are very high; at such high concentrations Rh6G molecules tend to aggregate. This
aggregation causes a spectral broadening that is expected to be disadvantageous for
optical sensing applications.
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Figure 4.15: Simulated absorption spectra of (a) Rh6G-doped PVA
films on Ag (PVARh6G − Ag with ∆εRh6G = 0.005) and (b) undoped
PVA films on Ag (PVA− Ag, dotted line), for different PVA film
thicknesses, d = 80 nm (blue solid line), d = 94 nm (red solid line),
d = 120 nm (green solid line) under s-polarized illumination at θ =
81◦. The spectral positions of the FP resonances for corresponding
film thicknesses are marked in the same colour with dotted lines at
λ = 473 nm, λ = 536 nm and λ = 638 nm.
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Figure 4.16: Measured absorption spectra of the PVARh6G − Ag sam-
ple with d = 100 nm for different dye concentration CRh6G = 0
(red), 0.001 wt% (green), 0.002 wt% (black), 0.005 wt% (blue) for
s-polarized light incident at θ = 81◦.
The flexible nature of the PVARh6G − Ag samples provide three parameters to con-
trol their reflection and absorption properties. This point is further illustrated with
simulated absorption spectra of three samples. The first sample is the same as the
one discussed earlier with a film thickness of d = 93.9 nm and low dye-concentration
∆εRh6G = 0.005. The sample exhibits resonance-enhanced absorption of s-polarized
light and acts as a reflector for p-polarized light as shown in Fig. 4.17 (black lines).
However, at close to normal incidence (θ = 5◦) this sample has a very weak absorption.
One way to achieve strong absorption at low θ is to decrease the film-thickness and
simultaneously to increase the dye-concentration. The absorption spectra for such a
sample with half the thickness (d/2) and higher dye-concentration (∆εRh6G = 0.08) is
also shown in Fig. 4.17 (green lines). The sample shows an absorption peak for each
polarization. The changes in film-thickness and dye-concentration turn this reflector
(for p-polarized light) into a narrow-band absorber.
Another case worth looking at is a sample with twice the film thickness (2d) and
high dye-concentration (∆εRh6G = 0.08), illuminated at θ = 5
◦. As expected for small
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angled illumination, the sample has similar absorptions for both the polarizations. But
because of the increased film thickness, the FP mode is more pronounced and sharper
which causes double peaks in the absorption spectra.
Figure 4.17: Simulated absorption spectra of PVARh6G − Ag samples
with three different thin-film properties under (a) p-polarized and (b)
s-polarized illuminations. First sample has thickness d = 93.9 nm,
∆εRh6G = 0.005 and is illuminated at θ = 85
◦ (black lines). Second
and third samples have thicknesses 2d (red lines) and d/2 (green lines),
respectively,with higher dye concentration ∆εRh6G = 0.08, and a lower
angle of illumination θ = 5◦.
In summary, absorption properties of PVA− Ag samples can be modified by incor-
porating dye molecules in the PVA thin film. The strength of the dye absorption when
embedded in the thin-film cavity is strongly dependent on the cavity thickness and the
illumination conditions. The fact that the absorption spectra of the PVARh6G − Ag
samples show a strong dependence on thin-film structure and illumination conditions
makes this thin-film structure a good candidate for gas and vapour sensing applications.
4.4 A Proof-of-Concept Humidity Sensor
The PVARh6G − Ag sample exhibits resonance-enhanced absorption of light due to an
interplay of FP resonances and the dye-molecular absorption. These two resonances
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need sufficient spectral overlap and strength to have an effective interaction. Pertur-
bations of the properties of the constituent thin-film and the ambient conditions can
affect the contributing resonance and/or their interaction, which makes this sample a
good candidate for sensing applications.
The PVARh6G − Ag sample is representative of a general thin-film structure com-
prising an absorbing dielectric ultrathin film on a highly reflecting metal surface. For
the purpose of vapour sensing the absorbing dielectric coatings can be chosen to suit a
specific target molecule. For example, polysiloxane thin films can be used for n-heptane
vapours [122], polydimethylsiloxane is suitable for sensing other volatile organic com-
pounds [123] and polystyrene is a good candidate for toluene vapour detection [96].
The PVARh6G − Ag sample is best suited for sensing water-vapours because PVA is
known to swell by absorbing water-vapour, which also causes changes in the refractive
index of the PVA film.
Unlike traditional FP based systems, which exploit the swelling behaviour of trans-
parent and thick polymers [122,123], this thin-film structure has an additional feature
of tunable absorption (in terms of spectral position and strength of absorption). This
adds to the complexity and need to fully understand the dye-cavity resonance interac-
tion in order to optimize its sensitivity. A schematic of such a sensor is shown in Fig.
4.18, where a PVARh6G − Ag sample is illuminated by obliquely incident s-polarized
light and the reflected light (rather than the absorbed, scattered or transmitted light) is
monitored as the sensing signal. The oblique angle of illumination and s-polarization of
incident light are chosen because experiments and calculations both confirm that these
illumination conditions are best suited for accessing the resonance-enhanced absorption
feature of the sample.
The aim here is to understand how the presence of dye-molecules in the PVA
polymer cavity affect its response to changes in ambient humidity. While it is expected
that the FP resonance of the polymer cavity would shift due to the swelling of the
PVA layer, little is known regarding the amount of swelling that can be induced in
a 100 nm thick layer by changing ambient humidity and to what extent the shift in
the FP resonance can affect its coupling with the dye-molecular excitation. Also, the
other aspects of sensor response like linearity, reversibility and hysteresis need to be
characterized in order to understand benefits and potential challenges in employing
this thin-film structure for sensing applications. To that end, the absorption spectra
of the PVARh6G − Ag samples were investigated under various humidity levels.
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Figure 4.18: Schematic of PVARh6G − Ag sample illuminated by s-
polarized light at an oblique angle θ to the normal. The PVARh6G
film thickness increases from d to d+∆d by absorbing ambient water-
vapour, which in turn affects the reflected light intensity.
4.5 Humidity Sensing Measurements
In this section, the effect of RH on the measured absorption spectra of PVARh6G − Ag
is discussed. The observations are explained by modelling the absorption properties
of the sample for different RH values. All the absorption spectra reported here were
acquired at an ambient temperature of 23◦ C using s-polarized light incident at θ = 81◦.
4.5.1 Absorption spectra as a function of RH
The measured absorption spectra of a PVARh6G − Ag sample with d = 100 nm and
CRh6G = 0.002 wt% at three different values of RH are shown in Fig. 4.19(a). At
RH = 28% (black curve), the absorption spectrum has a single absorption peak with
A = 88% at λ = 536 nm. When the RH is increased to 65% (red line), the absorption
at λ = 536 nm decreases to 74 % and a shoulder appears at λ = 585 nm. With
further increase in humidity (RH = 73%, blue curve), the spectrum clearly shows two
absorption peaks, the first peak from dye absorption still resides at 536 nm while the
other is located at 597 nm. So, increasing the RH value has two noticeable effects
on the absorption spectra of the sample: first, there is a reduction in absorption at
λ = 536 nm and, second, an additional peak develops which shows a red-shift with
increasing RH.
71
Figure 4.19: Measured absorption spectra of (a) PVARh6G − Ag
sample with CRh6G = 0.002 wt% and (c) PVA− Ag sample, for
RH = 28% (black lines), 65% (red lines) and 73% (blue lines). Calcu-
lated absorption spectra for both the samples are shown in the right
panel, (b) PVARh6G − Ag and (d) PVA− Ag samples with d = 103
nm (nPV A = 1.43, black lines), 130 nm (nPV A = 1.38, red lines) and
142 nm (nPV A = 1.374, blue lines).
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To confirm the origin of the red-shifting additional absorption peak, a dye-free
PVA− Ag sample with d = 100 nm was also investigated (Fig. 4.19 (c) and (d)). The
PVA− Ag samples exhibit a weak FP resonance at λ = 528 nm for RH = 28%, and
when RH increases by 45% the FP resonance red-shifts by 68 nm (Fig. 4.19 (c)). In
this case, the shift in the resonance of can be attributed to swelling of the PVA thin
films due to the hygroscopic nature of PVA.
In order to confirm that swelling of the PVA film is indeed the dominant mechanism
causing the observed spectral changes, the absorption spectra of both the samples were
calculated using transfer matrix method. The swelling can be modelled by increasing
the film thickness and incorporating the RH dependent refractive index values of PVA
(nPV A = 1.43 for RH = 28%, nPV A = 1.38 for RH = 65% and nPV A = 1.374 for RH =
73%) taken from Ref [120]. The simulated absorption spectra of the PVARh6G − Ag
and PVA− Ag samples for three different thicknesses d = 103 nm, 130 nm and 142
nm are shown in Fig. 4.19(b) and (d), respectively. These film thicknesses were chosen
to optimize the comparison with the experimental absorption spectra PVARh6G − Ag
at RH = 28%, 65% and 73%, respectively. The simulated spectra of PVARh6G − Ag
also shows a single absorption peak around λ = 536 nm, to begin with, and upon
swelling it develops a double peak profile. Likewise, the PVA− Ag exhibits a 91 nm
red-shift of the weak FP resonance upon swelling of the PVA film (Fig. 4.19 (d)).
The modelled and measured absorption spectra for both the samples are in qualitative
agreement, suggesting that the spectral changes can be attributed to the swelling of
the PVA film in both the samples. Differences between the measured and modelled
spectra can be attributed to uneven film thicknesses and lack of exact nPV A values for
various humidity levels.
The swelling hypothesis is further investigated with the analysis of the absorption
spectra of the PVARh6G − Ag sample measured at different values of RH ranging from
10% to 75% which are shown in the form of an intensity line in Fig. 4.20(a). The
corresponding simulated absorption values are presented in Fig. 4.20(b), where the
thickness gradually changes from 103 nm to 140 nm and nPV A is RH dependent.
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Figure 4.20: (a) Measured absorption values of a PVARh6G − Ag sam-
ple as a function of RH in the range of 10%− 73%. The black solid
circles and open squares indicate the absorption peak positions of the
PVA− Ag and the PVARh6G − glass samples, respectively. (b) Shows
the calculated absorption for the PVARh6G − Ag with film thickness
(d) and nPV A values interpolated between the values used for calcu-
lating the spectra shown in Fig. 4.19 (b). [116]
The modelled absorption spectra shown in Fig. 4.20(b) exhibit the same trend
as the experimental data in Fig. 4.20(a): a non-dispersive branch at λ = 536 nm
and another dispersive branch which red-shifts with increasing film thickness. The
measured absorption peak position of the PVA− Ag sample as a function of RH is
marked on Fig. 4.20(a) with black solid circles. The resonance wavelength of the
PVA− Ag sample clearly overlaps with the dispersive branch of the PVARh6G − Ag
sample. This further corroborates that the red-shifting absorption peak is indeed due
the swelling of the PVA film. Finally, a control sample comprising a dye-doped film
of the same film thickness and the Rh6G concentration on glass was investigated, too.
The Rh6G absorption peak remained independent of the RH as shown in Fig. 4.20(a)
with black open squares.
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4.5.2 RH sensitivity
The data presented in Fig. 4.19 demonstrates that the absorption spectra of a PVARh6G − Ag
sample with d = 100 nm shows changes in the absorption values and a shift in the FP
resonances as a function of RH. This spectral response can be harnessed to measure
the ambient humidity levels. In this section two different sensitivity parameters are
discussed. The first parameter uses the wavelength shift and the second parameter is
based on the changes in absorption values.
Optical humidity sensors often measure and report the RH sensitivity in terms of
the shift in the resonance wavelength. This sensitivity criterion Sλ is defined as the
ratio of spectral shift (∆λ) to the change in RH (∆RH). For ease of comparison
with existing sensors, it is important to calculate the sensitivity of the sensor under
investigation in terms of Sλ. Based on the data reported in Fig. 4.19 the λFP shifts
from 536 nm to 597 nm when RH increases from 10% to 73%. This gives Sλ= 1
nm/%RH. It is worth highlighting that this value is an order of magnitude higher
than that of previously reported RH sensors. A list of these optical humidity sensors
is presented in Table 4.2.
Table 4.2: List of Sλ of some recent optical humidity sensors.
S.No Sλ [nm/%RH] Year Ref No. Sensor type
1 0.07 2013 Ref [124] FP on fiber
2 0.1 2012 Ref [125] FP on fiber
3 0.307 2013 Ref [126] FP on fiber
4 0.135 2014 Ref [127] Michelson interferometer
5 0.43 2014 Ref [128] fiber end-face
The wavelength shift arises due to the swelling of the PVA film while the presence of
Rh6G molecules does not affect Sλ. The resonance-enhanced absorption feature of the
PVARh6G − Ag sample is better exploited by measuring the changes in the absorption
value at a wavelength near to the absorption peak (λ = 527 nm). The sensitivity
parameter SA is defined as the change in the absorption value at a fixed wavelength
for a given change in RH (∆RH) .
The change in absorption value (A at λ = 527 nm) for three PVARh6G − Ag samples
with different Rh6G concentrations CRh6G = 0.001, 0.002 and 0.005 wt% was compared
with the PVA− Ag sample. The corresponding data is presented in Fig. 4.21. All the
samples consisted of 100 nm thick PVA film. A control sample comprising a Rh6G-
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doped PVA film on glass (d = 100 nm, CRh6G = 0.002 wt%) was investigated, as well.
In Fig. 4.21, the first noticeable trend is that the PVARh6G − Ag samples (blue line)
show larger changes in A as compared to PVA− Ag (red line) and PVARh6G −Glass
(black line). The second important trend is the lack of linearity in the change of A as
function of RH. It is helpful to study this response by dividing the RH range in three
parts. A low RH range from 10%− 30%, a medium RH range from 30%− 50% and a
high RH range from RH = 50%− 72%.
Figure 4.21: Absorption intensity measured at λ = 527 nm
for PVARh6G − Ag, CRh6G = 0.005 wt% (blue dash-dotted line),
PVARh6G − Ag, CRh6G = 0.002 wt% (blue solid circles), CRh6G =
0.001 wt% (blue dashed line), PVA-Ag (red line) and PVARh6G − glass
with CRh6G = 0.002 wt% (black line) under s-polarized illumination
at θ = 81◦. [116]
The PVARh6G −Glass sample shows almost null response to the changes inRH (Fig.
4.21 black line). Now coming to the PVA− Ag sample (red line), there is very little
change in the absorption value in the lower RH region (RH = 10% to 50%). However,
in high humidity range (RH = 50% − 72%) there is a 12.7% decrease in A, which
gives a sensitivity of SA = 1%/%. In the same humidity range, the PVARh6G − Ag
samples have SA > 2.2%/% which implies that the presence of dye-molecules increases
the sensitivity by a factor of 2.2. The changes in absorption of all the five samples for
different RH regions is also listed in Table 4.3.
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Table 4.3: Change in absorption (∆A) at λ = 527 nm for the samples
in low RH (10% − 30%), medium RH (30% − 50%) and high RH
(50%− 72%) ranges based on the data shown in Fig. 4.21.
S.No Sample low RH medium RH high RH
1 PVA-Ag −1.1% 0.8% 12.7%
2 PVARh6G − Ag, CRh6G = 0.001 −0.1% 3.1% 27.3%
3 PVARh6G − Ag, CRh6G = 0.002 1.5% 3.4% 29.5%
4 PVARh6G − Ag, CRh6G = 0.005 −1.1% 0.5% 26.4%
5 PVARh6G −Glass, CRh6G = 0.002 < 0.05% < 0.05% < 0.05%
It is noted that the response of the PVARh6G − Ag sample with CRh6G = 0.002 has
one significant difference when compared with samples containing dye concentrations
CRh6G = 0.001 and 0.005. The samples with CRh6G = 0.001 (blue dashed line) and
0.005 (blue dash-dotted line) show a slight increase in A in the low RH range (10%-
30%) followed by a slow decrease in the medium RH range (30%-50%) and a sharp
decline in the high RH range (50%-72%). However, the PVARh6G − Ag sample with
CRh6G = 0.002 shows a decrease in A with increasing RH over the full range, which
makes it more suitable for practical applications.
4.5.3 Sensing mechanisms
The PVARh6G − Ag sample has a significant response towards changes in the ambient
humidity. This sensing response has three underlying mechanisms which are discussed
here.
The first mechanism is the swelling of the PVA film which causes the shift of FP
resonances in the PVA thin-film cavity. PVA is a polymer made of a carbon chain
backbone with hydroxyl groups attached to it (Fig. 4.22 (a)). This structure assists
in the formation of hydrogen bonds with water molecules. In the presence of water
molecules, the polymer chains reorient to allow their hydrophilic parts to be exposed
to the ambient water molecules. In this process, the polymer chains unwind and allow
further permeation of the water molecules into the PVA films (Fig. 4.22 (b)) [129,130].
The swelling of PVA films upon exposure to water vapour is known to linearly decrease
its refractive index from 1.45 to 1.35 when the RH increases from 20% to 90% [120].
The second mechanism is the large spectral shifts of the FP resonances in the
ultrathin PVA cavity. Conventional thin-film based sensors have film thicknesses on
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Figure 4.22: (a) PVA carbon chain structure (b) schematic showing
reversible swelling of the PVA film under different humidity conditions
[116].
the order of the resonance wavelength (d ≥ λFP ). The large initial film thickness (d0)
limits the range of spectral shift (∆λ) that can be attained by changing film thickness
by (∆d) because ∆λ/λFP ∝ ∆d/d0. This concept can be better illustrated by looking
at the dispersion of the PVA− Ag samples of different thicknesses, when illuminated
with s-polarized light at θ = 81◦ as shown in Fig. 4.23.
The simulated absorption values show that the thin-film resonance peak of PVA− Ag
samples show stronger red-shift for thinner films than for thicker films. This can be
quantified by using the slope of the dispersion curve S = ∆λ/∆d. For the data pre-
sented in Fig. 4.23, S = 4.23 nm/nm in the thickness range d = 80− 144 nm, S = 1.5
nm/nm when d increases from 242 nm to 472 nm and only 0.9 nm/nm for the thick-
ness range d = 416 − 548 nm. This shows that the spectral sensitivity of the current
thin-film structures (with d = 100 nm) benefits from their sub-wavelength thickness.
The third mechanism, unique to dye-doped polymer cavities, utilizes the coupling
between the FP resonances and the dye-molecular excitation. As described earlier
the sensing response of a PVARh6G − Ag structure can be either measured in terms
of ∆λ or through the change of absorption value (∆A) at a specific wavelength close
to the resonance peak (λ = 527 nm in this case). For a given value of ∆d, ∆λ is
determined by d0 while the presence of dye does not have any effect on it. So for
a given PVARh6G − Ag sample ∆λ is independent of dye concentration. However,
the dye-doping plays a crucial role in achieving higher ∆A. The coupling of the FP
resonances and the dye-molecular excitation leads to the strong absorption. Since the
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Figure 4.23: Calculated absorption spectra as a function of PVA film
thickness for a PVA− Ag thin-film structure for s-polarized illumina-
tion at θ = 81◦.
coupling is highly sensitive to the PVA film thickness, any change in the PVA film
thickness affects the coupling, and hence the peak absorption. The data presented in
Fig. 4.21 suggests that the presence of dye molecules can amplify ∆A by 2.2 times.
4.5.4 Hysteresis
The swelling and contraction of the polymer thin film by absorbing and releasing
vapours is prone to hysteresis. Hence, it is important to study the hysteresis curve of
the PVARh6G − Ag when RH is increased from 5% to 75% and reversed. Figure 4.24
shows the absorption of PVARh6G − Ag with CRh6G = 0.002 wt% (for s-polarized light,
θ = 81◦) when RH is cycled between 5% and 75%. The absorption values are almost
identical for both branches of the hysteresis curve. The commercial sensor used for
measuring RH has an accuracy of RH = ±2%, which is marked as the error bar on
each data point. The overall width of the hysteresis curve is well within the error bars.
This indicates that the response of the PVARh6G − Ag sensor is fully reversible, a great
advantage for device applications.
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Figure 4.24: Hysteresis plot for absorption intensity at λ = 527 nm
vs RH value for the PVARh6G − Ag sample, with d = 100 nm and
CRh6G = 0.002 wt%. The error bars correspond to the accuracy of
the reference RH sensor, RH ± 2% [116].
4.5.5 Repeatability
In this sub-section the repeatability of the sensor response is discussed by investigating
the spectral-shifts and the changes in absorption as a function of RH. Figure 4.25
(a) shows that the absorption of PVARh6G − Ag (CRh6G = 0.002 wt%) at λ = 527 nm
changes between 85% and 48% when RH changes from 5% to 75% for five cycles of
100 s. The spectral shifts corresponding to the same cycles are shown in Fig. 4.25(b)).
It is noted that the the λFP values shown in fig 4.25(b) appear to jump between
536 nm and 597 nm, whereas the data in Fig. 4.25(a) shows a smoother variation.
This is due to difficulty in tracking λFP for the PVARh6G − Ag sample. When the FP
resonance has sufficient overlap with the Rh6G absorption band, the spectrum shows
a single peak at λ = 536 nm. A clear FP resonance peak emerges only when the FP
resonance has moved out of the Rh6G absorption band, which is in the high humidity
region for this sample. This manifests as an abrupt shift in the λFP value.
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Figure 4.25: (a) Variation of the absorption magnitude at λ = 527
nm and (b) position of FP resonance as a function of time for the
PVARh6G − Ag with d = 100 nm and CRh6G = 0.002 wt%, when the
RH value cycles between 5% and 75%. [116]
4.6 Summary and Outlook
Summary
Gas and vapour sensitive transparent dielectric media can be adopted in the ultrathin
lossy thin-film resonator configuration by incorporating absorbing species like dye-
molecules. The absorption behaviour of such an asymmetric FP resonator comprising
a dye-doped PVA thin film on a silver substrate was investigated with the aim to
explore the resonance-enhanced absorption feature of the sample for vapour sensing
applications.
Sub-wavelength thickness (d ≤ 100 nm) PVA films on silver substrates support
weak FP resonances, which have a small dependence on polarization and incident
angle of the incoming light. The optical properties of such cavities can be significantly
altered by introducing Rh6G dye-molecules in the cavity. When the FP resonance of
the PVA film has sufficient overlap with the dye absorption band the two resonances
can couple, yielding resonance enhancement of light absorption around λ = 536 nm.
Dye-doping also makes the reflection/absorption of the sample to be more sensitive to
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the illumination conditions and the PVA film thickness. The synergistic interaction
of FP resonances and dye-molecular excitations make the behaviour of PVARh6G − Ag
samples very interesting and offer highly tunable absorption properties.
It is worth restating that the non-perfect reflection from the silver substrate plays a
key role in achieving resonance-enhanced in the PVARh6G − Ag sample. The analysis of
the partial reflection coefficients confirm that the reflection from the metal substrate is
associated with a close to 2π phase shift, which is essential for sustaining resonance in
a lossy ultrathin film. Also, calculations show that in spite of it being more lossy than
the dye-doped PVA coating, the Ag substrate only dissipates 7% of the incident light
and the larger fraction (93%) of light absorption occurs in the weakly lossy polymer
film, this further confirms the enhancement in dye absorption.
The weak coupling between the dye molecular absorption and the FP resonance
is expected to be sensitive to the changes in nPV A and d which can be induced by
interaction of the PVA film with ambient molecules making this system a good can-
didate for sensing applications. The hygroscopic nature of PVA makes water-vapour
an obvious target molecule to test the sensing behaviour of this system. Experiments
demonstrate that the absorption spectra of the PVARh6G − Ag sample undergoes dra-
matic, reversible, repeatable and hysteresis free changes in response to variations in
RH. Simulations confirm that the observed spectral changes can be attributed to
swelling of the PVA films which is also accompanied by changes in nPV A.
Optimum film thickness
While designing a thin-film based sensor that exploits swelling of the materials the
film thickness needs to be optimized to get a sensitive, linear and fast response. Earlier
work on thin-film based sensors was limited to transparent thick films, thus, there is
very limited literature on the swelling behaviour of ultrathin films.
On one hand, films with lower thicknesses show stronger dispersion and hence have
larger wavelength shifts for a given change in the film thickness. On the other hand,
thicker films can undergo greater swelling, which can lead to larger shifts of the FP
resonance. The optimum film thickness for sensitive and fast detection is determined
by these two opposing factors. In order to explore the lower thickness limit for the
PVAdye samples, the film absorption needs to be enhanced which can be achieved by
increasing the dye concentration. However, the Rh6G dye is known to agglomerate at
higher concentrations which leads to spectral broadening. In contrast to Rh6G dye, a
class of dyes known as J-aggregate (J-agg) dyes show narrowing of the absorption peak
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at higher dye concentrations, which makes them more suitable for fabricating highly
lossy dye-doped PVA films.
The PVAJ−agg − Ag (J-agg dye doped PVA film on a Ag substrate) samples were
fabricated by spin-coating an aqueous solution of a J-agg dye doped PVA on silver
coated silicon substrates. The PVA film thickness was adjusted to ∼ 25 nm to observe
resonance-enhanced absorption of light at the dye-absorption band. The reflection
spectra of the PVAJ−agg − Ag sample when illuminated with s-polarized light incident
at θ = 77◦ is shown in Fig. 4.26 (a), where the red and black lines correspond to
RH = 3% and 58%, respectively.
Figure 4.26: (a) Measured reflection spectra of PVAJ−agg − Ag sample
with d = 25 nm for RH = 3% (red line) and RH = 58% (black line).
(b) RH as a function of time as recorded by the commercial sensor
and (c) change in the reflection intensity (∆R) at λ = 636 nm for the
spectra shown in (a) using s-polarized light incident at θ = 77◦.
These experiments reveal that when RH increases from 3% to 58% the reflection
minimum shows a 2 nm red-shift. Figure 4.26(b) and (c) show the RH value measured
by the commercial detector and the corresponding changes in the reflection intensity at
λ = 636 nm, respectively. The reflection intensity exhibits a reversible and measurable
change in real-time.
The data suggests that the response of the PVARh6G − Ag sample with d = 100
nm is better than that of the PVAJ−agg − Ag sample with t = 25 nm, both in terms
83
of wavelength shift and the change in reflection intensity at the flank of the resonance
feature. There are two main reasons for this trend. First, low polymer content leads to
smaller thickness changes for the PVAJ−agg − Ag sample. Second, the FP resonance for
25 nm thick film is extremely weak and therefore, the effect of coupling and decoupling
of the resonance is even weaker. The PVARh6G − Ag has a very strong spectral response
to humidity changes due to the decoupling of the FP resonance from the dye absorption
band. In the case of PVAJ−agg − Ag, the dye-absorption feature is too pronounced while
the FP, being weak, causes the absorption to be dominated by the dye absorption. The
swelling of 25 nm thick PVA film is not sufficient to decouple the FP resonance from
the J-agg dye absorption band.
In future, resonance-enhanced absorption of light due to the weak coupling between
dye molecular absorption and Fabry-Perot resonance can be used for vapour sensing.
This proof-of-concept lab demonstration of a humidity sensor can be translated into a
small device by using a monochromatic light source, like a light-emitting diode (LED),
illuminating the sample at a fixed angle (Fig. 4.27). In such a setup, the changes
in the ambient humidity would be correlated with light intensity changes measured
by the photo-detector. The Rh6G doped PVA film based detection of water vapour
is a demonstration of a concept which can be easily extended to any combination of
dielectric host and absorbing species to detect a suitable target vapour. In this regard,
the present work also opens up new avenues of research.
Figure 4.27: Schematic of a sensor which uses the reflected light in-
tensity changes for measuring vapour concentration.
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Unlike the traditional thin-film based sensors, which also exploit the swelling be-
haviour of polymers in response to the presence of target vapours, this study is unique
for two reasons: first for using sub-wavelength thickness film and second for har-
nessing the interaction between dye-molecular absorption and FP resonances. From
the fundamental physics point of view, coupling of molecular excitations or local-
ized surface plasmon resonances with sub-wavelength thickness open cavities has a
wide scope of research. Such photonic systems provide a platform to study effects






Resonators for Gas Sensing
5.1 Motivation
Asymmetric Fabry-Perot resonators made of ultrathin absorbing dielectric coatings on
metal substrates exhibit resonance-enhanced absorption of light and this feature can
be exploited for vapour sensing applications. If such thin-film structures consist of
swellable polymers, acting as the sensing layer, their absorption spectra show measur-
able changes due to modifications in the film thickness, as has been shown in the previ-
ous chapter. The swelling of the polymer coatings leads to shifts in the FP resonances
and alters the absorption intensity at fixed wavelengths. However, not all materials re-
spond to target gas or vapour by swelling/deswelling which seems to limit this sensing
platform to a certain class of materials. This limitation can be overcome by investi-
gating this sensing platform with materials which instead respond by small changes in
their dielectric properties, for example through charge-carriers injection or trapping,
a mechanism which is commonly exploited in resistive gas sensors [30, 133, 134]. In
order to establish the gas sensing applicability of the open-cavity thin-film structure
it is necessary to show that the small changes in the refractive index of the thin film,
from charge-carrier injection/trapping, can also be translated into measurable spectral
changes.
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To that end, thin-film structures comprising weakly absorbing metal-oxide coatings
on metal substrates, which form an asymmetric Fabry-Perot resonator, have been de-
signed and investigated for their spectral response towards the changes in the ambient
humidity and carbon-dioxide (as depicted in Fig. 5.1).
Figure 5.1: Schematic of an asymmetric FP resonator comprising sub-
stoichiometric titanium dioxide (TiOx) thin-film on a metal substrate.
The interaction between TiOx layer and ambient gas molecule being
interrogated with polarized light incident at an oblique angle.
The first step in designing such an asymmetric Fabry-Perot resonator based gas
sensor is the selection of a combination of the sensing material and the target gas to
test the platform. Since the idea here is to establish that this thin-film structure is
employable as sensor using wider range of materials, especially the materials which
are commonly used as resistive sensors, metal-oxides appear to be good candidates. A
large variety of metal-oxides like TiO2, ZnO, CuO and SnO2 have been researched for
sensing oxidizing/reducing gases [24, 30, 134, 135]. In particular, TiO2 has been thor-
oughly investigated due to its chemically stable, photo-catalytic and non-toxic nature.
However, the metal-oxide gas sensors typically operate at high temperatures [9] and
room-temperature gas detection continues to be a big challenge. Recent advancements
show that TiO2 and its composite materials have a great promise for low-temperature
gas sensing [133, 136, 137]. This acts as a motivation for selecting sub-stoichiometric
titanium dioxide (TiOx, x < 2) films as the sensing layer forming the asymmetric Fabry-
Perot cavity.
Now coming to the target gas for low-temperature gas sensing using TiOx films,
literature suggests that CO2 is a worthy target. There is a vast collection of literature
available on CO2 sensing but most of the previous attempts on detecting CO2 required
high operating temperatures (150− 500◦C) [138–141]. The chemically stable nature of
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CO2 makes it a difficult target gas to detect. But, recently there have been a few reports
on CO2 detection at close to room-temperature using TiO2 and its composite mixtures
[133, 136, 137]. However, the cross-sensitivity towards other gases continues to be a
challenge while detecting CO2. There are various reports confirming that TiO2 can also
be sensitive towards water vapour [142,143], a commonly present interfering species. In
fact, the presence of surface adsorbed water molecule can make the adsorption of CO2
partially irreversible due to the formation of various charged species like carbonate and
bicarbonate [144], as depicted in Fig. 5.2, which leads to a very complex adsorption
dynamics. Since there are very limited studies on low-temperature CO2 detection which
also discuss the sensor response towards water-vapour, the spectral response of a TiOx
open cavity resonator towards CO2 and humidity is investigated in this chapter.
Figure 5.2: Schematic showing various ways in which CO2 and OH
−
groups can attach to the surface of TiOx film.
5.2 Overview of Sensor
Before describing the film deposition, optical characterization and response of TiOx
sensor systems in detail an overview of performance characteristics is presented using
an exemplar sensor system. A weakly lossy TiOx film on an aluminium (Al) substrate
exhibits a strong dip in the reflection spectrum (R) when illuminated by obliquely
incident s-polarized light as shown in Fig. 5.3 with a solid black line. Since the
sample is opaque (transmission, T=0), the absorption spectrum can be calculated as
A = 100−R. The dip in the reflection spectrum of the sample (TiOx − Al) corresponds
an absorption peak which is also shown in the figure with dashed black line.
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Since the single pass absorption of the 54 nm thick TiOx film is less than 10% (red
dashed line), it appears that the film absorption has undergone more than 9 times
enhancement (at λ = 506 nm) when placed on a non-perfect reflector (Al); this can
also be viewed as resonance-enhanced absorption of light in the ultrathin weakly lossy
TiOx coating, consistent with the results of previous chapter.
Figure 5.3: Measured reflection (R) and absorption (A) spectra of a
54 nm thick TiOx film on an Al substrate (TiOx − Al) are shown in
black solid and dashed lines, respectively. The absorption spectrum of
the TiOx film on glass substrate is shown in red line. All the spectra
were measured for s-polarized light incident at an angle θ = 77◦.
The combination of factors like the weakly lossy nature and sub-wavelength thick-
ness of the TiOx film (d ∼ λ/10), the presence of a metal substrate, and the oblique
angle of illumination for linearly polarized light, which are used for exciting the reso-
nance make this system very similar to the dye-doped PVA coatings on silver substrates
discussed in the previous chapter. There is one significant difference, namely that the
optical losses in the TiOx are native to the material and the system does not have
an additional excitation like the dye-molecular absorption. A section of this chapter
(Section 5.4) is dedicated to understanding the mechanisms underlying this strong light
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absorption in the TiOx − Al sample using transfer matrix method and partial reflection
analysis. Also, a set of calculated absorption/reflection spectra have been used to gain
insight into the roles of the metal substrate, film thickness and illumination conditions
in achieving the resonance-enhanced absorption of light in such samples.
The TiOx − Al sample has the potential to act as a sensor by exploiting the changes
in the refractive index of the TiOx (nTiOx) layer. Given the weakly lossy nature of the
film, the sample has the scope to respond via changes in the real and the imaginary
part of nTiOx . This idea is elaborated with help of simulations which are presented in
Section 5.5.
Regarding experimental demonstration of the sensing ability of the TiOx − Al sam-
ple, the reflection spectrum of the sample with d = 54 nm undergoes measurable
red-shift when the ambient humidity increases from RH = 2% to 10%, as shown in
Fig. 5.4 (a).
Figure 5.4: (a) Measured reflection spectra of TiOx − Al sample (d =
54 nm) for RH = 2% (blue line) and 10% (red line) for s-polarized
light incident at θ = 77◦. (b) Corresponding change in the reflection
intensity (∆R) at λ = 478 nm as a function of time.
The shift in the spectrum leads to measurable changes in the reflection (∆R =
R(t, λ = 478) − R(t = 0, λ = 478), t is time) at wavelengths close to the resonance,
for example at λ = 478 nm which is shown in Fig. 5.4 (b). The data shown in Fig.
5.4 is a typical response, which can be optimized by tuning the film thickness and
illumination conditions. A detailed account of measured humidity and carbon-dioxide
sensing response of TiOx − Al samples with a range of film thicknesses and the analysis
of the measured data is presented in the Sections 5.7 and 5.8.
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In addition, in Section 5.9, the response of samples with modified TiOx films is
discussed to further understand the role of the resonance-enhanced absorption feature
and the material properties of the films in gas sensing. The conclusion drawn from all
these experiments are presented in the final section.
5.3 Materials and Methods
5.3.1 Sample preparation
Samples were fabricated by sequential deposition of aluminium (Al) as the underlying
reflector and TiOx as the weakly absorbing material forming an asymmetric FP res-
onator. First, an optically opaque layer of Al was thermally evaporated over silicon
samples of size 1.2 cm by 1.2 cm, then a layer of sub-stoichiometric titanium dioxide
(TiOx) was deposited by thermal vacuum deposition using TiO2 pellets at a pressure
of 10−5 Torr (Fig. 5.5). Control samples comprising TiOx layer on glass were fabri-
cated by depositing TiOx on glass slides. The TiOx film thickness was controlled by
adjusting the deposition time, 90 seconds in most cases, and the number of deposition
cycles, where a typical deposition cycle gave a film thickness of ≈ 25 nm. The chamber
vacuum had to be broken after each deposition cycle in order to load fresh TiO2 pellets
for the subsequent coatings.
Figure 5.5: Schematic of thin-film structures fabrication process.
The TiOx film thickness (d) and nTiOx were measured using ellipsometry, where
the general oscillator model comprising a Tauc-Lorentz oscillator was used for the
refractive index fitting. The refractive indices of films were found to vary from batch
to batch, hence ellipsometry was performed on each sample to determine its d and
nTiOx . The nTiOx values of various samples are available in Appendix A. The measured
reflection spectra of each sample were analyzed using the ellipsometry data collected
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from the corresponding sample, only. Calculations where the experimental results are
not discussed were performed using one of the measured nTiOx values chosen to best
elucidate the point of discussion.
5.3.2 SEM images
The surface morphology of the TiOx films deposited on the Al substrates and the Al
films acting as the substrates was studied using scanning electron microscopy (SEM,
JEOL 6700F FESEM). Typical SEM top surface images of both the films are shown
in Fig. 5.6. The TiOx film shows highly granular texture which is desirable for the gas
adsorption, but which can introduce additional undesirable optical scattering.
Figure 5.6: SEM images of (a) 150 nm thick aluminium coating on
a Si substrate and (b) a 53 nm thick TiOx film coated on top of an
aluminium layer.
5.3.3 Experimental setup
The reflection spectra (R) of the samples were measured using angle-resolved reflection
spectroscopy. As illustrated schematically in the Fig. 5.7, samples were illuminated
with polarized and collimated white light from a tungsten lamp (Ocean Optics LS-1).
The reflection spectra were collected for various angles of incidence (θ) using a spec-
troscope with the spectral resolution 0.21 nm (Ocean Optics USB 2000).
For the gas sensing experiments the samples were mounted inside a cylindrical
glass cell of height 5 cm and diameter 3.8 cm. Prior to each experiment the sample
was purged with the N2 for 3 hours to remove any extraneous gases. Then the gas was
switched to the test gas (humid N2 or CO2) such that only one gas was flowing into the
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Figure 5.7: Schematic of the experimental setup used for measuring
the spectral response of the samples in a controlled gas environment.
glass cell at a time (Fig. 5.7). For the humidity sensing experiments, humid N2 was
generated by passing the dry nitrogen through a sealed container which was partially
filled with water, as discussed in Section 4.2. The humidity inside the glass cell was
monitored using a commercial humidity data logger (Thorlabs TSP01) fixed inside the
glass cell. A detailed description of humidity N2 generation and the glass cell design is
provided in the Chapter 4.
5.4 Resonance-enhanced Absorption in Titanium
Oxide Ultrathin Cavities
The reflection (R), absorption (A) and transmission (T ) spectra of the samples were
simulated using transfer matrix method implemented using a Matlab toolbox [108],
for design purposes and for comparison with the experimental results. The refractive
index of TiOx (nTiOx) layer was obtained using ellipsometry (Appendix A )and the
dielectric constants of silver (Ag), gold (Au), aluminium (Al) and glass were taken
from the literature [121]. Here onwards in the discussion the samples are labelled as
TiOx − substrate where substrate can be Ag, or Au, or Al, or glass. All the three
metals can play the role of non-perfect reflector equally well, however Al is 70 times
cheaper than Au and three times cheaper than Ag. This makes Al a cost effective metal
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for the experimental investigations; the samples comprising Ag and Au substrates have
been studied using simulations only. The TiOx film thickness and angle of incidence
are denoted by d and θ, respectively.
5.4.1 Effect of metal substrate
Simulations show that weakly absorbing TiOx films of thickness less than a quarter-
wavelength (d < λ/4) can exhibit resonance-enhanced absorption of polarized light in
the presence of metal substrates. The transfer matrix calculations predict less than
5% absorption for a 53 nm thick TiOx film on a glass substrate over the visible region
(400-800 nm, red line Fig. 5.8) for s-polarized light incident at θ = 77◦. This is
expected because sub-wavelength thickness dielectric films do not support strong thin-
film interference effects, and the single-pass dielectric loss in the TiOx film is low
(nTiOx = 2.1730 + 0.0519i at λ = 506 nm).
Figure 5.8: Simulated absorption spectra of a 53 nm thick TiOx film
on aluminium (Al, black line), silver (Ag, blue line), gold (Au, green
line) and glass (red line) substrates for s-polarized illumination at
θ = 77◦.
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In the presence of metal substrates the same TiOx film absorbs more than 89%
of the incident light for certain wavelengths and illumination conditions, even though
the film thickness is significantly sub-wavelength (d ∼ λ/10). Specifically, for Al at
λ = 506 nm, A = 97% (black line), for Ag at λ = 575 nm, A = 89% (blue line) and for
Au at λ = 603 nm, A = 95% (green line). A comparison of the absorption spectra of
TiOx − Al, TiOx − Ag and TiOx − Au samples (Fig. 5.8), shows that the spectra have
a strong dependence on the dielectric properties of the metal substrates. It is worth
highlighting that the absorption peak position shows 87 nm red-shift when the metal
substrate changes from aluminium to gold.
The mechanism of absorption in such samples can be analyzed by considering the
overall reflection from the sample to be the sum of the partial reflection coefficients.
The accumulation of 15 partial reflection coefficients for TiOx − Al and TiOx − glass
samples for λ = 506 nm are shown as a phasor diagram in Fig. 5.9, where the horizontal
and vertical axes represent the real and imaginary part of r, respectively.
Figure 5.9: Phasor diagram of partial reflection coefficients for a 53
nm thick TiOx film on aluminium (black line) and glass (red line)
substrates for s-polarized illumination with λ = 506 nm at θ = 77◦.
The refractive index values of TiOx and aluminium used for the cal-
culations are 2.1730 + 0.0519i and 0.789 + 6.15i, respectively.
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The phasors for both the samples begin at the origin (0,0), then converge towards
the final reflectivity of each sample. The first partial reflection coefficient (ro) is same
for the both samples because it is associated with the reflection from the air− TiOx
interface. From the second partial reflection onwards (for r1, r2) the behaviour of the
TiOx − Al and TiOx − glass sample differ significantly. For the TiOx − Al sample, the
metal-dielectric interface offers a non-trivial close to 2π reflection phase-shift which
makes the phasor take a close to 360◦ turn, upon subsequent reflections the reflectivity
value converges to a low reflection value r = 0.1721 + i0.01599. Unlike the TiO2 − Al
system, the reflection for the TiOx − glass system quickly converges to a high reflec-
tivity (low absorption) value r = −0.86 + i0.028.
The physical nature of the resonance-enhanced absorption and the energy dissipa-
tion mechanism in TiOx −metal samples can be understood by analyzing the electric
field profile and the local absorption inside the thin-film structure under the resonant
condition as shown in Fig. 5.10. This uses the specific case of TiOx − Al sample, show-
ing the normalized electric field profile inside the TiOx − Al sample (with d = 53 nm)
calculated at λ = 506 nm (which is the absorption peak wavelength) for s-polarized
illumination at θ = 77◦ (Fig. 5.10(a)), where z is the direction normal to the plane of
the sample.
The electric field profile suggests that the sample supports a quarter-wave kind
of mode. The high refractive index of TiOx in combination with oblique angle of
incidence (θ = 77◦) provide close to quarter-wave path length when accompanied by
the additional phase shift at the lossy TiOx − Al interface [1]. The Al substrate plays a
crucial role by providing the boundary conditions for the evanescent decay of the field.
Now coming to the energy dissipation (Fig. 5.10 (c)), the local absorption (AL) in
the thin-film structure is calculated from the electric field (E) as AL = 0.5∗ωoImε|E|2,
where ωo is the resonant frequency and ε is the relative permittivity which relates to the
refractive index of the material as n+ ik =
√
ε. The sample consists of a weakly lossy
TiOx film with k = 0.0519 on a highly reflecting aluminium substrate with k = 6.15,
where the value of k for the materials is taken at λ = 506 nm. The TiOx film when
placed on a glass substrate dissipates only 3% of the incident light as shown in Fig.
5.10 (d). So, it is natural to expect that the larger fraction of the incident light gets
dissipated in the aluminium substrates which has 118 times higher value of k, however,
on the contrary, 56.8% of the absorption occurs in the TiOx layer confirming that
the prominent peak in the absorption spectra shown in Fig. 5.8 is indeed due to the
resonance-enhanced absorption of light, which is different from the traditional thin-film
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interference effect. The Al substrate plays a significant role by acting as a non-perfect
reflector which also dissipates around 40.2% of the incident light.
Figure 5.10: Simulated (a) normalized electric field profile and (c)
local absorption profile normalized to the absorption at λ = 506 nm
across a 53 nm thick TiOx film on an aluminium substrate for s-
polarized illumination at θ = 77◦. (b) Normalized electric field and
(d) the absorption profiles for the same coating on a glass substrate.
The refractive indices of TiOx, aluminium and glass used for the cal-
culations are 2.1730 + 0.0519i, 0.789 + 6.15i and 1.4621, respectively.
The resonance-enhanced absorption of light in such thin-film structures can be
highly dependent on the polarization and angle of incidence. Fig. 5.11 compares
the absorption of p-polarized (electric field parallel to the plane of incidence) and s-
polarized (electric field perpendicular to the plane of incidence) light for a wide range of
incident angles θ = 0◦−85◦. As expected, close to the normal incidence the absorption
for both the polarization is same. In contrast, for angles greater than θ = 45◦, the
absorption spectra for the two polarizations have significant differences. Particularly,
for s-polarized light a strong absorption band appears around λ = 473− 543 nm with
A > 70% for θ > 65◦. At oblique angles (θ > 70◦) the sample acts a broadband
reflector for p-polarized light and a strong absorber of s-polarized light at λ = 505 nm.
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Figure 5.11: Simulated absorption spectra for a TiOx − Al sample
with d = 53 nm for different angles of incidence (θ) under (a) p-
polarized and (b) s-polarized light illumination in the visible range
λ = 400− 800 nm.
5.4.2 Effect of film thickness
The thickness of TiOx film in the TiOx − Al samples not only affects the absorption
properties of the system but also has a bearing on the sensitivity of the samples.
Asymmetric FP resonators or open FP cavities allow easy penetration of the target
gas molecules into the sensing material. Depending on the nature of the interaction
between the analyte and the sensing materials the signal transduction can be a surface
effect and/or a bulk phenomena. The ultrathin FP resonators are more sensitive to
changes at the surface whereas thicker films are more advantageous for generating bulk
response. So there is trade off between these two opposing factors in deciding the
appropriate film thickness for optimizing the sensing signal.
Weakly lossy films can be very useful for investigating the optimum film thickness
required for designing such asymmetric open-cavity Fabry-Perot based sensors. To
further elaborate this point, transparent films on dielectric substrates have a lower
limit on the film thickness for exciting FP-like resonances, d ≥ λ/4, whereas strongly
absorbing films have an upper limit on the film thickness due to the strong attenuation
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of light as the film thickness increases. In contrast, weakly absorbing coatings on metal
substrates can support resonances for a wide range of film-thickness, which offers great
advantages for sensor design. Hence, the resonant thin-film structures made of weakly
lossy media can be used to experimentally investigate the effect of film-thickness on
the strength of sensing signal.
To guide the experimental investigations, the absorption properties of TiOx − Al
thin-film structures with film thicknesses in the range of 20-450 nm were are calculated
using the transfer matrix method. Figure 5.12 shows the absorption values of the
thin-film structures as coloured plots for three different angles of incidence θ = 85◦
(top-panel), 45◦ (middle-panel) and 10◦ (bottom-panel), for p-polarized (left-side) and
s-polarized (right-side) light illumination in the visible range λ = 400− 800 nm. Each
subplot shows the absorption spectra of TiOx − Al as function of TiOx film thickness
for a given illumination conditions (polarization and θ).
The first noticeable feature of the data presented in Fig. 5.12 is that the thin-
film structure can support thin-film resonances for both the polarizations and different
angles of illuminations. As expected, for fixed illumination conditions the resonance
shows a red-shift with increase in the film thickness. A second notable feature is that
smaller film thicknesses show stronger dispersion. To be more specific, samples with
d = 20− 100 nm (d ∼ λ/10) show a more prominent shift in the resonant wavelength
when compared samples with d = 100− 250 (d ∼ λ/3), for all illumination conditions.
The shift can be quantified in term of the slope of the dispersion curve, for s-polarized
illumination the slope ∆λ/∆d is 7.2 nm/nm for the thickness range d ∼ λ/10 and 2.3
nm/nm in the next thickness range which is d ∼ λ/3.
A closer inspection of the data reveals that the samples with sub-wavelength film
thickness (d < 100 nm, top-right plot) exhibit strong absorption of s-polarized light at
obliques angles of incidence (Fig. 5.12, top-panel), all the way down to 20 nm thick
films. This strong absorption is the resonance-enhanced absorption which occurs only
in the presence of metal substrates as discussed previously. In the sub-wavelength
thickness regime (d < 100 nm), the samples do not exhibit such strong resonance at
lower angles of illumination for both the polarizations, however enhanced absorption
is still observed.
Also, the film thickness can act as a tuning parameter for changing the position of
the resonance for given illumination conditions or vice versa. This can be explained
with the help of some specific examples. Figure 5.13, shows the calculated absorption
spectra TiO2 − Al samples with d = 55 nm (red lines), 115 nm (blue lines) and 345 nm
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Figure 5.12: Simulated absorption values for TiOx − Al sample with
d ranging from 20 − 500 nm for three different angles of incidence
θ = 85◦ (top-panel), 45◦ (middle-panel) and 10◦ (bottom-panel) under
p-polarized (left-side) and s-polarized (right-side) illumination in the
visible range λ = 400− 800 nm.
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(black lines) for the same illumination conditions as discussed in Fig 5.12, which are
s and p-polarized illumination at θ = 85◦ (top-panel), 45◦ (middle panel) and 10◦
(bottom panel). The sample with d = 55 nm supports a strong resonance at λ = 598
nm with full width at half maximum (fwhm) = 64 nm for s-polarized illumination
(red line, subplot (b)) and reflects large portion of the p-polarized light for oblique
illumination.
Figure 5.13: Simulated absorption spectra of TiOx − Al samples with
d = 55 nm (red lines), 115 nm (blue lines) and 345 nm (black lines) for
three different angles of incidence, θ = 85◦ (top-panel), 45◦ (middle
panel) and 10◦ (bottom panel) for p and s-polarized illuminations on
left and right hand sides, respectively.
If the thickness is increases to d = 115 nm, the absorption behaviour almost re-
verses, the sample turns into a broadband reflector for s-polarized light and has a
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broad absorption peak around λ = 571 nm for p-polarized illumination. Next, by
increasing the thickness further, to d = 345nm, it possible to excite a sharper reso-
nance with fwhm = 15 nm which has a full spectral overlap with the resonance of
sample with d = 55 nm. This kind of spectral tuning of resonance position and pro-
file was not accessible in dye-doped polymer coatings on silver substrates because the
wavelength of resonance-enhanced absorption peak was fixed to the dye-molecular ex-
citation wavelength. Next, thicker films can sustain resonances even for smaller angles
of illuminations which provides an additional degree of freedom.
Since most of the TiOx − Al samples support resonance-enhanced absorption for
s-polarized illumination at high angles of incidence, a comparative study of gas sensing
behaviour of samples with different film thicknesses sustaining thin-film resonance is
possible.
5.5 Sensing Mechanisms
The asymmetric Fabry-Perot resonator formed by a TiOx layer on an aluminium sub-
strate can detect the presence of target gas molecules via two mechanism: change
in the ambient refractive index and change in refractive index of the film. Both the
mechanisms are discussed here.
5.5.1 Change in the ambient refractive index
The ambient gases and vapours affect the refractive index (RI) of the surrounding
medium. The RI of pure gases can be calculated from the polarisability of the gas
molecules (α),




where ε is the dielectric constant, N is the Avogadro number, R is the real gas constant,
P and T are pressure and temperature, respectively.
Simulations show that changing the ambient gas from pure N2 (n = 1.0003) to CO2
(n = 1.0005), which increases the ambient RI by ∆n = 0.0002, causes a very small blue
shift (∆λ <0.1 nm) of the absorption spectra of TiOx − Al samples which is less than
the spectral resolution of the spectroscope (∆λ = 0.2 nm, Ocean Optics USB2000).
Figure 5.14 (a) shows the calculated absorption spectra of a sample with d = 180 nm
for the two ambient gases. The small difference in the spectra is noticeable in the inset
which shows the expanded version of the region around the peak. Alternatively, one can
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Figure 5.14: (a) Calculated absorption spectra of a TiOx − Al sample
with d = 180 nm for N2 (black line) and CO2 (red line). The inset
shows the expanded region around the absorption peak to highlight
the minor separation between the lines (b) Change in the absorption
value (∆A) for the TiOx − Al sample when the ambient gas changes
from N2 to CO2 for film thicknesses ranging 50 nm to 225 nm under
s-polarized illumination at θ = 77◦.
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measure the changes in the absorption intensity at specific wavelengths. Figure 5.14 (b)
shows the difference in the absorption values across the spectrum for the TiOx − Al
sample when the ambient changes from N2 to CO2 as a function of TiOx film thickness.
Samples with thicker TiOx films support sharper resonance profile, and hence have
a stronger response. The maximum calculated absorption change (∆A = 0.06) is less
than the spectroscopic noise making it difficult to detect such changes. In fact, the
TiOx − Al thin-film resonator is not the best candidate for measuring small changes in
the ambient refractive index; other optical resonators which sustain sharper resonances
can show larger spectral shifts due to changes in the ambient RI. However, the optical
resonators which are effective in sensing the changes in the ambient RI typically lack a
mechanism to respond to gases in a selective fashion. The open-cavity resonators, like
TiOx − Al thin-film structure, can be made to respond to certain gases in a selective
fashion by engineering the material properties of the sensing layer making such system
a good candidate for further investigation.
5.5.2 Change in the refractive index of the films
The interaction of the target gas molecules can alter the refractive index of the sensing
layer, TiOx film in this case, by two main mechanisms (Fig. 5.15). First, the pore
filling method, where the gas molecules occupy the pores inside the granular film and
change the effective refractive index of the TiOx layer. The second method requires
the target gas molecules to loosely bind to the surface of the TiOx which can cause
changes in the material properties like conductivity and refractive index of the layer.
Figure 5.15: A schematic showing two different mechanisms by which
target molecules can change the refractive index of the TiOx film.
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Titanium dioxide is known to exist in three different crystal forms rutile, anatase
and brookite. The optical, electrical and gas adsorption properties of TiO2 and its
sub-stoichiometric forms are known to depend upon its crystal forms and defect type.
For example, the adsorption energies for H2O and CO2 molecules on various TiO2
surfaces are shown in Table 5.1. The data suggest that in general adsorption of water
molecules is favoured over carbon-dioxide molecules. In addition, for a given molecule
adsorption energy is surface dependent. Reference [145] provides a very detailed review
on surface science of TiO2 which covers various aspects of TiO2 like, crystal structures,
bulk properties, growth techniques, surface chemistry and adsorption properties.
Table 5.1: Adsorption energies for H2O and CO2 molecules on various
TiO2 surfaces.
S.No Molecule Surface Adsorption energy (eV) Ref
1 CO2 brookite (210) 0.72 [146]
2 CO2 anatase (101) 0.41 [146]
3 CO2 rutile (110) 0.23 [147]
4 H2O anatase (101) 1.28 [148]
5 H2O rutile (110) 1.00 [149]
7 H2O anatase (001) 1.6 [150]
Typically, energy dispersive x-ray spectroscopy (EDS) measurements are used to
gain insight into stoichiometry of the material, glancing angle x-ray diffraction (XRD)
measurements are helpful for identifying the crystal form and photoluminescence stud-
ies can provide information regarding oxygen vacancies in TiO2. EDS were measure-
ments carried out in order characterize the TiOx sample investigated here, but due to
very small thickness of the TiOx most measurements showed dominant signature from
the substrate which confounded the signal from the TiOx layer, similar confounding ef-
fect were present in photoluminescence and XRD data1 However, even without detailed
characterization of the TiOx crystallinity the gas sensing behaviour of the sample can
be studied and results of such investigations are presented in the following sections.
The remainder of this section discusses the effect of change in the real and the imag-
inary parts of the refractive index of the TiOx on the reflection spectra of the such
sample.
1In the absence of glancing angle XRD setup, θ − 2θ measurements were carried which showed
dominant peak corresponding to the silicon substrate with no clear signature of any TiO2 crystalline
forms.
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Simulations indicate that if the refractive index of the TiOx film (nf = n
′ + ik)
increases by a value greater than ∆n′ = 0.0002 or ∆k = 0.0002 then the absorption
value can alter by a measurable amount, and the corresponding data is presented in
Fig. 5.16. The TiOx − Al sample with d = 180 nm shows less than 1 nm red-shift and
∆A = 0.17% (at λ = 547 nm) when the n′ increase by 0.0002 (Fig. 5.16 (a) and (b)).
Similar calculations for samples with film thicknesses ranging from 50-250 nm reveal
that d has a strong bearing on ∆A values; ultrathin films (d < 80 nm) have 3 times less
response than films with thickness in range of 130-250 nm. This suggests that thicker
films have stronger response to ∆n.
One of the advantages of working with lossy films can be elucidated here with the
help of simulated results which show the effect of changes in the complex part of nf ,
which is k. If k increases by the same amount i.e. ∆k = 0.0002, the film absorption
increases as can be inferred from the green and red lines in Fig. 5.16 (a) and (b). A
comparison of change in absorption (∆A) induced by a given ∆n′ and ∆k is shown in
Fig. 5.16 (c) and (d). It is evident that the change in k has a stronger effect on the
film absorption values. The calculated values for a range of film thicknesses is shown
in Fig. 5.16 (d). Again the thicker films with sharper resonance appear to be more
sensitive.
So, any interaction between TiOx film and target molecules which can create
changes with magnitude ∆n′ > 0.0002 or ∆k > 0.0002 can be measured using the
current experimental setup. Since these calculation clearly indicate that the TiOx − Al
sample with thicker films are more likely to generate a measurable sensing signal, a
set of samples with different film thickness d = 50 nm, 65 nm, 145 nm and 185 nm
were fabricated and tested for response towards changes in RH and the presence of
carbon-dioxide. Also, the changes in nf largely depend upon the chemical interaction
between the metal-oxide layer and the target molecules, so there is a scope for further
research along the lines of tailoring the properties of the sensing layer for selective re-
sponse towards the target gases. The effect of material properties is explored by testing
the response of TiOx films with slightly modified properties, where the modification
were achieved by either annealing the film or incorporating chromium dust on the film
surface, which is discussed in Section 5.9.
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Figure 5.16: (a) Calculated absorption spectra for TiOx − Al sample
with d = 180 nm using the following refractive index values for the
film: nf = nTiOx = n
′ + ik (red line), nf + 0.0002 (black line) and
nf + i0.0002 (green line) for s-polarized illumination at θ = 77
◦. (b)
The corresponding changes in the absorption values (∆A) across the
spectrum for ∆n′ = 0.0002 (black line) and ∆k = 0.0002 (green
line). Calculated ∆A as a function of TiOx film thickness for (c)
∆n′ = 0.0002 and (d) ∆k = 0.0002.
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5.6 Experimental Results
Samples comprising TiOx coatings on aluminium substrates were studied using angle-
resolved reflection spectroscopy. Since experiments measure the reflected light intensity,
the data and analysis from here onwards is reported in terms of reflection spectra (R)
as opposed to absorption spectra reported in the previous section. Also, TiOx − Al
samples are opaque so the dip in the reflection spectrum is attributed to resonance-
enhanced absorption. The gas and vapour sensing behaviour of these samples were
investigated by measuring the changes in reflection intensity (∆R) of the samples while
they were exposed to varying concentrations of water-vapour and carbon dioxide.
5.6.1 Angle-resolved reflection spectroscopy measurements
The reflection properties of the TiOx − Al samples were studied by measuring the
reflection spectra for a wide range of incident angles (θ = 5◦ − 77◦) using s- and p-
polarized visible light (λ = 400− 800 nm). As an illustration, the measured reflection
spectra of a TiOx − Al sample with d = 49.5 nm are shown in Fig. 5.17 for θ = 6◦
(black line), 45◦ (red line), 60◦ (green line) and 77◦ (blue line). The reflection properties
of the sample were further confirmed using transfer matrix method calculations where
the refractive index of TiOx
2 and Al were taken from ellipsometric measurements.
The measured (Fig. 5.17, top-panel) and the calculated reflection spectra (Fig. 5.17,
bottom-panel) are in good agreement.
P-polarized light (Fig. 5.17 left panel) excites a weak resonance at λ = 520 nm
for θ = 6◦ and the resonance gets even weaker for higher angles. In contrast, under
s-polarized illumination when θ increases from θ = 6◦ to θ = 77◦, the resonance gets
sharper. Also, the sample shows strong dispersion which is manifested in the form of
gradual blue-shift of the reflection minimum as the angle of illumination changes from
θ = 6◦ to 77◦ (Fig. 5.17). There is a significant contrast in the reflection spectra for
the two polarizations at θ = 77◦. Specifically, for s-polarized illumination there is an
absorption band around λ = 483 nm while p-polarized light is largely reflected. Similar
measurements were carried out on other samples as well, but all gas sensing measure-
ments reported in following section are limited to s-polarized illumination at θ = 77◦
because all the samples support strong resonance for these illumination conditions.
2See Appendix for the nTiO2 values corresponding to sample 4
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Figure 5.17: Measured reflection spectra of TiOx − Al sample (d =
49.5 nm) for four different values of θ under (a) p and (b) s-polarized
illuminations. The corresponding simulated reflection spectra for (c)
p and (d) s-polarized illuminations are shown in the bottom panel.
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5.7 Humidity Sensing Measurements
The effect of relative humidity (RH) on the measured reflection spectra of TiOx − Al
samples with four different film thicknesses is discussed in this section and the obser-
vations are explained with the help of transfer matrix method calculations.
The measured reflection spectra of TiOx − Al samples with d = 49.5 nm and 185
nm at RH = 2% and 60% are shown in Fig. 5.18. The minimum RH value is 2%
because it is the lowest value reported by the reference detector. The sample with
d = 49.5 nm has a reflection minimum at λ = 480.5 nm for RH = 2%, and when the
humidity increases to RH = 60% the reflection minimum red-shifts to λ = 482 nm.
Similarly, the sample with d = 185 nm also shows a red-shift (from λ = 563.7 nm to
λ = 565.9 nm) due to the increase in RH, but the spectral shift in this case, ∆λ = 2.2
nm, is larger than the previous case. The insets in Fig. 5.18, show the expanded region
near the reflection minimum, which highlight that the film with d = 185 nm has a more
significant response to the change in RH, as expected from the analysis in Section 5.4.
Figure 5.18: Measured reflection spectra of TiOx − Al sample with
(a) d = 49.5 nm and (b) d = 185 nm for RH =2% (black line) and
60% (red line) under s-polarized illumination at θ = 77◦. The insets
in both the figures show the zoomed in region near the reflection
minimum.
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The spectral shift also leads to changes in the reflection intensity (∆R) across
the spectrum, which is expected to be larger for the sharper resonances. This was
further confirmed by investigating the humidity response of TiOx − Al samples with
four different film thicknesses. Figure 5.19 shows the RH response of the samples with
d = 185 nm (at λ = 550 nm, black line), 145 nm (at λ = 474 nm, red line), 64.5 nm
(at λ = 669 nm, blue line) and 49.5 nm (at λ = 466 nm, green line). The value of
∆R depends on the wavelength so the maximum response of each sample is reported
in Fig. 5.19.
Figure 5.19: Measured change in the reflection intensity (∆R) as a
function of RH for TiOx − Al sample with d = 185 nm (at λ = 550
nm, black line), 145 nm (at λ = 474 nm, red line), 64.5 nm (at
λ = 669 nm, blue line) and 49.5 nm (at λ = 466 nm, green line). The
reflection spectra for all the samples were monitored for θ = 77◦ under
s-polarized illumination. The error bars correspond to the accuracy of
reference sensor which are ±1% and ±3% in the RH range 20%−80%
and 0%− 20%, respectively.
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First of all, the data in Fig. 5.19 confirms that thicker films have a stronger response
(approximately 3-fold) to a given change in the RH. Second, there is a noticeable
common trend in the response of all the sample which is a sharp rise in the ∆R value
when RH increases from 2% to 10%. The response shows a slow rise in the moderate
to high humidity region (RH > 20%). This suggests that the TiOx − Al thin-film
resonator acts like a very sensitive humidity sensor in extremely dry environment,
unlike hygroscopic polymer based sensors which tend to function well in the medium
to high humidity region and have poor sensitivity in the low RH range.
5.7.1 Humidity sensing mechanism
The response of TiOx − Al samples towards changes in RH can be attributed to adsorp-
tion of water molecules on the surface of TiOx grains. The electron rich oxygen atoms
in the water molecules are electrostatically attracted to the positively charged sites on
the surface of TiOx grains. Depending upon the charge density at the sites on the
surface, the water molecule either get physically adsorbed forming a weak bond (phys-
iosorption) or form chemical bonds which lead to formation of hydroxyl ions attached
to the surface (chemisorption). The chemically bonded hydroxyl ions then form further
hydrogen bonds with ambient water molecules. The adsorption of water molecules on
TiOx surface increases refractive index and conductivity of TiOx [142,143].
TiOx + y.H2O −→ TiOx.yH2O physiosortpion
Ti3+ − VO + H2O −→ Ti4+ −OH + H+ chemisorption
In order to confirm that the above explained physical effects indeed caused the observed
spectral changes in case of TiOx − Al samples, the reflection spectra of the samples
were simulated using transfer matrix method. The spectral response which is termed
as signal and was quantified as the absolute difference in the reflection spectra of a
given sample at RH = 60% and 2%. Figure 5.20 (a) shows the measured signal for
TiOx − Al samples with d = 49.5 nm (green line), 64.5 nm (blue line), 145 nm (red
line) and d = 185 nm (black line). The maximum response occurs around the flanks
of the resonance dip and its spectral position depends upon the film thickness. The
maximum response of the ultrathin film (d < λ/4) is close to ∆R ≈ 2% which 3 times
less than that of thin-films with d ≈ λ/2 having ∆R ≈ 6%.
The absolute difference in the reflection spectra can be modelled by increasing the
refractive index of the TiOx films by a value ∆n
′ = 0.007, with ∆k ≈ 0 (i.e. no mea-
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surable effect on film loss). The simulated changes in the absorption spectra of all the
four samples are shown in Fig. 5.20 (b) for comparison. The good agreement between
the experimental signal spectra and the calculated signal support the hypothesis that
the red-shift in the spectra arises due to an increase in nTiOx . In conclusion, the reflec-
tion spectra of TiOx − Al samples show a red-shift when the ambient humidity changes
from RH = 2% and 60% due to increase in the refractive index of TiOx resulting from
adsorption of water-molecules and pore filling, with the confirmation that thicker films
generate larger signal.
Figure 5.20: (a)Signal which is measured as the absolute change in the
reflection intensity (∆R) across the spectrum for TiOx − Al sample
with d = 185 nm (black line), 145 nm (red line), 64.5 nm (blue line)
and 49.5 nm (green line) when RH increases from 2% to 60%. (b)
Simulated ∆R when the real part of refractive index is increased by
∆n = 0.007 for each sample.
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5.8 Carbon-dioxide Sensing Measurements
The humidity response of the TiOx − Al samples, presented in the previous section,
was initially an unwelcomed discovery in the project, as, originally samples were being
tested for CO2 response using a calibrated gas mixture containing 1% CO2 in N2. The
samples with d = 53 nm (Fig. 5.21 (a)) showed a measurable, reversible and repeatable
response when the gas in the test chamber changed from the reference gas (N2) to the
test gas (1% CO2) as shown in Fig. 5.21 (c). This data was very encouraging but it
was accompanied with a noticeable decay in the signal strength with time, which is
highlighted with a red dashed line in Fig. 5.21 (c). In an endeavour to find the source
of the signal decay, it was discovered that the signal was actually arising from small
changes in RH instead of CO2. Upon this discovery the experiments were repeated with
a reference humidity sensor inside the test chamber which showed that the measured
∆R correlated with the changes in RH, as can be seen from the data presented in Fig.
5.21 (b) and (c). It was confirmed that the observed signal and the signal decay, both
were arising from unintended changes in RH.
Figure 5.21: (a) Measured reflection spectra of TiOx − Al sample with
d = 53 nm. (c) Measured change in the reflection intensity (∆R) at
λ = 486 nm which is also indicated with a dashed line on (a). The red
dashed line shows the decrease in ∆R values with subsequent cycles.
(b) Shows the measured RH inside the test chamber.
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The changes in RH occurred and stayed unnoticed due to a combination of fac-
tors, which are relevant to report: the trace water-vapour content in the test and the
reference gas cylinders was not matched even though dry gas was specified, the gas
flow-rates from the two cylinders were slightly different; and originally the RH was not
being monitored while gases were cycling between N2 to 1% CO2. In order to eliminate
the possibility of RH changes confounding the CO2 detection in future experiments,
the trace water-vapour concentrations in both the gas cylinders (CO2 and N2 ) was kept
to 10 ppm and the RH in the test chamber was monitored during all the experiments.
Once it was realized TiOx can be sensitive to small changes in RH, especially in
the low humidity region, the CO2 sensing measurements were repeated with humidity
held constant at RH = 2%. Experiments confirmed that the samples with d = 53 nm
had no response to 1% CO2. These two discoveries regarding the sample sensitivity,
its response to small changes in RH and its lack of response to 1% CO2, reoriented the
research goals. The new goals were to understand the samples’ response to humidity
changes and to optimize the sample properties to generate measurable response towards
CO2. To that end, experiments were conducted to characterize and explain the RH
response of these samples, which were presented in the previous section. Next, the
CO2 concentration was increased from 1% to 100% with an expectation to boost the
signal, if there is any. The measurements with pure CO2 showed that the TiOx − Al
samples with thicker films can detect the presence of CO2 gas at room-temperature.
Since the simulations and humidity response of the TiOx − Al samples, both shows
that films with d ≈ λ/2 are better candidates for sensing small changes in the refractive
index of the TiOx layer, a TiOx − Al sample with d = 184 nm was investigated for CO2
sensing by changing the ambient gas from pure N2 to pure CO2.
The CO2 sensing measurements were performed by monitoring the changes in the
reflection spectrum of TiOx − Al sample with d = 184 nm which exhibits a resonance
at λ = 565.9 nm (Fig. 5.22 (a)). When the ambient gas changes from N2 to pure CO2
the reflection intensity at λ = 554 nm increases by 1.2% as shown in Fig. 5.22 (b).
The data in Fig. 5.22 (b) suggests that the samples takes close to 25 minutes to
reach the signal saturation value. However, this time is not indicative of the sensor
response time, instead it is the time taken by the gas flow channel to flush N2 out of
the test chamber and replace it with CO2.
The increase in the reflection intensity λ = 554 nm is due to a small red-shift of the
reflection spectrum which is shown in the Fig. 5.23 (a) where the black and red lines
are the spectra for pure N2 and CO2, respectively. In this case, the reflection minimum
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Figure 5.22: (a) Measured reflection spectra of TiOx − Al sample with
d = 184 nm illuminated by s-polarized light incident at θ = 77◦. (b)
Change in reflection intensity at λ = 554 nm (indicated by the dashed
line in (a)) as a function of time when the ambient gas changes from
N2 to CO2.
doesn’t show a measurable change in the spectral position but rather the shape of the
resonance is altered. In order to understand the physical nature of the spectral shift
the absolute difference between these two reflection spectra (∆R) was calculated and
modelled using transfer matrix method. The absolute difference between the reflection
spectra calculated using measured and simulated spectra are shown in Fig. 5.23 with
solid and dashed lines, respectively.
Simulations indicate that the observed red-shift arises due to a small increase in
the refractive index of TiOx film ∆n = 0.0015 with ∆k ≈ 0. The simulated and the
measured ∆R show a reasonable agreement. Since the spectral shift is very small, the
data shows a poor signal to noise ratio and the experimental ∆R is dominated by noise.
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Figure 5.23: (a) Measured reflection spectra of TiOx − Al sample
(d = 184 nm) with N2 (black line) and CO2 (red line) as the ambient
gases. (b) Measured absolute difference in the reflection spectra (∆R)
when the gas changes from N2 to CO2 (solid line) and the simulated
change in the TiOx film RI ∆n = 0.0015 (dashed line).
5.9 Modified Titanium-Oxide Films
The sensing response of the TiOx − Al samples must arise from an interplay of the
open cavity FP resonances and the material response of the TiOx. The contributions
of each factor can be teased apart, by designing samples which retain one component
and not the other. This is discussed in detail with the support of experimental data
collected from two kinds of samples, first in which the properties of the TiOx have
been modified by annealing the film and second, where the TiOx film surface has been
decorated with chromium dust.
5.9.1 Annealed samples
The hypothesis that an interplay of the material response of the TiOx and the resonance-
enhanced absorption of light gives rise to the sensitivity was experimentally tested. To
understand the significance of the interplay of these two effects, it is necessary to study
samples which are designed to retain each effect separately. This can be achieved by
comparing the response of the TiOx − Al sample with the response of TiOx − glass
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and annealed TiOx − Al samples (Fig. 5.24). The TiOx − glass sample lacks the
resonance-enhanced absorption feature of the TiOx − Al sample while retaining the
material properties, so it can acts as a control sample to study the contribution of the
material response. Next, annealed TiOx − Al sample retains the resonance-enhanced
absorption feature of the sample with altered material properties of the TiOx layer
serving as a control sample to tease out the contribution of the resonance.
Figure 5.24: (a) Measured reflection spectra of TiOx − Al (black line),
annealed TiOx − Al (green line) and TiOx − glass (red line) samples
with d = 191 nm. (b) The maximum change in the reflection intensity
as a function of RH for TiOx − Al (at λ = 550 nm, black line ),
annealed TiOx − Al (at λ = 568 nm, green line) and TiOx − glass (at
λ = 409 nm, red line). The error bars correspond to an accuracy of
±1% and±3% in theRH range 20%−80% and 0%−20%, respectively.
The annealed samples were obtained by heating the TiOx − Al samples at 600◦C for
an hour. Annealing of TiOx films can lead to complete oxidation of the film resulting
in change in film refractive index, crystallinity and surface roughness3. The reflection
spectra of the TiOx − Al, annealed TiOx − Al and TiOx − glass are shown in shown in
3post annealing samples appeared more rough to naked eyes
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Fig. 5.24 (a) as black, green and red lines, respectively, with all the samples having
d = 191 nm. As expected, the TiOx − glass sample doesn’t support resonance-enhanced
absorption, instead it exhibits a weak absorption manifested as the reflection minimum
at λ = 426 nm. The reflection spectrum of the second control sample, which was
prepared by annealing the TiOx − Al at 600◦C, shows a reflection minimum at λ = 568
nm (green line). The annealing process increases the surface roughness and oxidizes the
sub-stoichiometric TiOx leading to broadening of the resonance and an overall increase
in the sample reflection.
The comparison of humidity response of the TiOx − Al sample with the control
samples (annealed TiOx − Al and TiOx − glass) shown in Fig. 5.24(b) confirms the
hypothesis that it is the interplay of the material properties and the resonance-enhanced
absorption feature that makes the sample sensitive to humidity. These two factors
have relatively small response when they are act in isolation, but show significant
enhancement when present together in the TiOx − Al sample. The maximum change in
the reflection intensity for these sample were observed at λ = 409 nm for TiOx − glass,
λ = 550 nm for TiOx − Al and λ = 568 nm for annealed TiOx − Al. The measured
change in the reflection intensity (∆R) as a function of RH is shown in Fig. 5.24
(b). The data clearly suggest that the TiOx − Al sample (black line) which has the
suitable material properties and the optical resonance has the maximum response to
the changes in humidity (∆R ≈ 5%). The response of TiOx − glass sample (red line)
shows that humidity sensitive nature of the TiOx makes the sample responsive towards
humidity, however the lack of resonance-enhanced absorption significantly weakens the
system response (∆R ≈ 2%). The behaviour of annealed TiOx − Al sample (green line)
offers an important insight. Even if this sample supports a more prominent reflection
dip when compared to the TiOx − glass sample, contrary to the expectations it has a
feebler response (∆R ≈ 1%) suggesting that the annealing process renders the sample
less responsive to changes in humidity. The comparison of ∆R of these three samples
confirms the material properties play a significant role, which can be optimized by
altering the fabrication processes or by means of post-fabrication treatments.
5.9.2 Response at elevated temperatures
Since metal-oxides are known to respond to various oxidizing/reducing gases at ele-
vated temperatures it is logical to test the response of the TiOx − Al samples at higher
temperatures. The effect of temperature on sample reflection was investigated using a
home-built sample mount made of an aluminium plate which was fixed with a ceramic
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resistive heater (30 Ohm, 19 W) and thermistor located in the centre of the aluminium
plate which performed the role of temperature sensor (with an accuracy ±1◦C). The
temperature of the ceramic heater was controlled by a temperature controller (TC200-
Temperature Controller, Thorlabs) in the range of T = 20◦ − 175◦ C. Experiments at
high temperatures (T = 28◦−160◦ C) revealed that the reflection spectra of TiOx − Al
samples do not show repeatable response when the sample temperature is cycled be-
tween high and low values, this can act as a confounding factor during gas sensing
measurements. An exemplary response of a TiOx − Al sample (d ≈ 60 nm) decorated
with 2 nm of gold-palladium alloy (sputter coated) is discussed here. The nano-particle
decoration was originally done with an aim of enhancing the sample response towards
CO2, which was not successful.
Figure 5.25 shows the reflection spectra of the TiOx − Al sample with gold-palladium
particles on top at T = 28◦ C (t = 0 min, black line) and T = 100◦ C (t = 50 min,
green line), under constant flow of dry nitrogen. This suggests that upon heating the
reflection spectrum undergoes a blue-shift at wavelengths near to the resonance. Heat-
ing is expected to cause moisture loss in the TiOx film, and hence the direction of the
spectral shift is expected to be the opposite of that observed for increase in humidity.
Interestingly, the spectra also show more noticeable separation at wavelengths away
from the resonance λ = 400 − 500 nm and λ = 750 − 900 nm, which indicates small
changes in the imaginary part of the refractive index of the sensing layer; a response
which makes lossy thin-films interesting for sensing applications. Next, when the sam-
ple is allowed to cool down to the original temperature, the reflection value is signifi-
cantly different from the value at t = 0 min leading to a non-zero ∆R value at t = 33
min and 63 min (Fig. 5.25 (b)). During subsequent heating-cooling cycle similar be-
haviour is observed, i.e blue-shift of the spectrum upon heating and lack of response
recovery upon cooling.
Once the temperature stabilizes to a certain value, the sample reflection stays con-
stant, as observed in Fig. 5.25 (b), during t = 10 − 20 min ∆R = 0.44%, and from
t = 40 − 50 min ∆R = 0.47%, this is highly desirable for gas sensing experiments.
However, lack of clear correlation between sample temperature and reflection value
can contribute to errors in gas sensing measurements at higher temperatures. In a pre-
liminary experiment to study the carbon-dioxide response of the sample at T = 160◦
C, it was observed that when the ambient gas changed from N2 to CO2, the sample
temperature fluctuated by ∼ 10◦ C. The temperature fluctuations can be attributed to
difference in sample cooling induced by different gas species and their pressures. Since
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Figure 5.25: (a) Measured reflection spectra a TiOx − Al sample with
gold-palladium particles on top at t = 0 min (T = 28◦ C, black line)
and t = 50 min (T = 100◦ C, green line). (b) Change in reflection at
λ = 591 nm (blue line) and λ = 606 nm (red line) as a function of
time when the temperature is cycled between T = 28◦ C, 50◦ C, and
100◦ C.
the gas sensing response is of similar magnitude as the spectral changes induced by the
temperature fluctuations, investigations at elevated temperatures were not pursued.
5.9.3 Nanoparticle decorated samples
To further emphasize the role of material properties another method was employed to
slightly change the optical and surface properties of the TiOx film. In this commonly
employed method TiOx − Al surface was coated with metal nano-particles, to be more
specific the sample surface was sputter-coated with 1 nm thick chromium (Cr) dust.
Such metal nano-particles can either introduce or reduce the active adsorption sites
which can affect the sensor response. The reflection spectra of the TiOx − Al sample
with (d = 180 nm) before and after Cr coating (Cr− TiOx − Al) are shown in Fig.
5.26 (a) as red and black lines, respectively. The presence of Cr dust causes a red-
shift of the spectrum, the reflection minimum moves from 596 nm to 608 nm, without
compromising the sharpness of the resonance feature.
The sample response to humidity before and after Cr coating is shown in Fig. 5.26
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Figure 5.26: (a) Measured reflection spectra of TiOx − Al (red line)
and Cr− TiOx − Al (black line) samples with d = 180 nm. (b) The
maximum change in the reflection intensity as a function of RH for
TiOx − Al (at λ = 580 nm, red line ) and Cr− TiOx − Al (at λ = 583
nm, black line). The error bars correspond to an accuracy of ±1%
and ±3% in the RH range 20%− 80% and 0%− 20%, respectively.
(b) as red and black lines, respectively. The Cr coated sample shows lesser ∆R when
compared to the native sample. This experiment further confirms that the material
properties of the sensing layer have measurable effect on the sensor response. Addi-
tional investigations to optimize the stoichiometry of titanium oxide, or to prepare
mixed metal oxides can be carried out to harness the sensing potential of this thin-film
structure. The Cr coated sample were not tested for CO2 response because the adsorp-
tion of CO2 on Cr surface is less favoured when compared with TiO2 surface [151].
5.10 Conclusions and Outlook
Weakly lossy thin film composed of sub-stoichiometric TiOx exhibit resonance-enhanced
absorption of polarized light in the presence of metal substrates. Under suitable illumi-
nation conditions, films with less than 5% single pass loss can be made to absorb almost
97% of the incident light in the presence of non-perfect reflectors. Unlike other ultrathin
lossy resonators which are typically broadband absorbers [1], the weakly lossy nature of
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TiOx allows this thin-film structure to support sharper and tunable resonances. These
polarization sensitive, tunable, narrow-band resonators can find potential applications
in photovoltaics and photo-detectors.
Ultrathin optical coating is an emerging field where precise measurements of the
thickness (d) and refractive index (n) of the coatings are of great importance. Since
weakly lossy films do not have strong resonant features in their reflection or transmis-
sion spectra, the characterization n and d is even more challenging. AFM and other
surface scans can provide a good estimate of physical thickness of the samples, but
typically they are destructive (e.g. scratch method). Ellipsometry is a very useful non-
destructive tool for measuring both the quantities, but it requires one of the parameters
to be locked down. So arriving at a good estimate for n and d simultaneously can be
very challenging. It was observed that the angle-resolved reflection spectra of ultrathin
coatings on metal substrates are highly sensitive to the combination of n and d due to
the thin-film resonances and the strong dispersion effects; and hence can be potentially
exploited for testing the accuracy and validity of the values given by ellipsometry.
Transfer matrix method based analysis suggests that the resonance-enhanced ab-
sorption feature of the TiOx − Al samples can be used for sensing small changes in
the refractive index (∆n′ > 0.0002 and ∆k > 0.0002) of the TiOx film. Experiments
confirm that the reflection spectra of TiOx − Al samples show measurable changes in
the reflection intensity at the flanks of the resonance in response to change in the con-
centration of water-vapour and CO2 molecules. The sample response can be attributed
to small increase in the real part of the refractive index of the TiOx film. Also, it was
confirmed that the samples with d ≈ λ/2 show stronger response to changes in n when
compared to samples with d < λ/4, due to the sharper resonance profile in the former
case. This observation does not conclude that in general thicker film would lead to
stronger sensing signal. The sharp resonance profile of the thicker films was a conse-
quence of the weakly lossy nature of TiOx, if the losses are higher the resonances can
show broadening with increase in the film thickness.
The RH response of the TiOx − Al sample is starkly different from the dye-doped
polymer coating sensors studied in the previous chapter. Many humidity sensors,
including the dye-doped PVA thin-film and the reference sensor used in this study,
have poor sensitivity in the low RH region. In contrast, the TiOx − Al has higher
sensitivity in the low-humidity region (RH ≤ 15%). High sensitivity to small changes
in water-vapour content in extremely dry environment can be advantageous for various
industrial applications like printing, textile and dry packaging.
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In addition, this study demonstrated that room-temperature gas sensing measure-
ments need to be supplemented with humidity response characterization of the sample
to rule out any interference arising from samples sensitivity to traces of water-vapour.
As for CO2 sensing, sample with the thick (d ≈ λ/2) TiOx films show a small
but measurable change in reflection intensity when the ambient gas changes from pure
N2 to CO2. The measured response shows a poor signal to noise ratio which is due
to the spectroscope noise. It important to recognize that the limiting factor here
is the sensitivity of the spectroscope. To put it in perspective, Kreno et al [105],
report 0.17 nm shift in the localized surface plasmon resonance peak of silver nano-
particles in a related experiment involving CO2 and N2, such small shifts would be
non-detectable for the Ocean Optics USB2000 spectroscope which was employed in the
current investigations.
The results presented above build towards a proof-of-concept that a simple open
Fabry-Perot cavity, comprising a sensing layer on a metal substrate, can detect small
changes in the refractive index of the sensing layer. The changes in the refractive in-
dex are controlled by the interaction between the target molecule and the chemical
composition of the sensing layer. Experiments demonstrated that modifications in the
properties of the sensing layer has significant effect on the sensitivity of these sensors,
which hints at myriad possibilities to improve the performance of such open cavity
sensors. The first obvious choice is to work with other metal-oxides or their nanocom-
posite. However, literature suggests that metal-oxide based sensing is more effective at
higher operating temperatures and further research is needed lower the operating tem-
perature [9,32,140] and employ them in optical schemes. For close to room-temperature
detection of gases it might be more helpful to investigate an alternative class of materi-
als, metal-organic frameworks (MOFs), which are known to selectively capture target
gas molecules at room-temperature. In the past few years they have received a lot of
attention from the optical gas sensing community [152]. The next chapter of the thesis




Thin-films Cavities for Optical Gas
Sensing
6.1 Introduction
The reflection spectra of ultrathin lossy coatings on metal substrates can show measur-
able changes in response to the presence of certain gases via changes in the refractive
index of the coatings. The work presented in the previous chapter demonstrated this
with a specific case of sub-stoichiometric titanium dioxide as the sensing material for
detecting humidity and carbon-dioxide. It was found that the sensing response of these
thin-film based sensors is controlled by two factors, the profile of the optical resonance
and the sensing material. In such sensors, the shape of the resonance profile can be
tuned to enhance the sensing signal by adjusting the film thickness and illumination
conditions, but the overall sensitivity is limited by the response of the material form-
ing the cavity. Hence, it is important to extend the sensing platform to other sensing
materials, especially to those which can generate a more significant optical response at
close to room-temperature.
Now, coming to the sensing materials which can be effectively utilized in this open-
cavity optical sensing platform, metal-organic frameworks (MOFs) are an attractive
option. Metal-oxides have been thoroughly investigated for gas sensing applications,
especially for solid-state gas sensors which exploit changes in the resistance or capaci-
tance of the materials, and still face the problems of high-operating temperature and
cross-sensitivity towards non-target species. In contrast, MOFs are a novel class of
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materials which were originally designed to capture specific gases at close to room-
temperature. MOFs have recently generated lot of research interest in the optical
gas sensing community [99, 101, 153] due to their optical responses towards gases and
vapours, like change in absorbance [154], luminescence [100, 155] and refractive in-
dex [40, 156], towards gases and vapours. The optically lossy nature of many MOFs
makes them unsuitable for traditional thin-film interferometry and other high-finesse
dielectric-resonator based sensors, but the same quality makes them good candidates
for the open-cavity thin-film structures investigated in this work. The ultrathin lossy
resonator scheme provides a unique opportunity to harness the optical gas sensitivity
of lossy MOFs.
6.1.1 MOF basics
MOFs are artificial crystals made of metal-ions surrounded by organic ligands, as shown
in Fig. 6.1. Their sponge-like internal structure makes them the most porous mate-
rials discovered to date. If constructed with suitable metal-ions and organic ligands,
the properties of internal pores can be optimized to hold specific gas molecules in a re-
versible fashion. Interestingly, upon trapping of the target gas molecules the refractive
index (RI) of MOFs can change, which means that the presence of these gas molecules
can be detected [7, 152, 157]. These properties make MOFs an important class of gas
sensing material which can be exploited to develop small optical gas sensors with high
sensitivity and selectivity.
Figure 6.1: Simplified representation of a metal-organic framework
containing metal-ions and organic linkers.
Though MOFs have a great potential for gas sensing and other optical applications,
their usage in optical systems is limited due to challenges in fabricating thin-films and
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characterizing their RI [153]. Typically, MOFs are synthesized using solvothermal
processes which yield MOFs in a powder form comprising crystallites with a wide
size distribution; the powdery nature makes it difficult to measure and monitor RI
[106, 152, 158]. Recent developments in MOF fabrication techniques have made it
possible to grow MOF thin films. Fabrication of highly uniform optical quality surface
mounted MOFs has opened possibilities for integrating MOFs in optical resonators
[106]. This opens new avenues to investigate the changes in RI of MOF coatings upon
exposure to various gases and vapours, using the resonance enhancement principles
that are the basis of this thesis.
6.1.2 Open-cavity MOF sensor configuration
MOFs make very good candidates for open-cavity thin-film based sensors, schematically
depicted in Fig. 6.2 (a), where MOF pores are easily accessible to the target gas
molecules for interactions that can change the RI of the MOF layer. Such a scheme
would require a highly uniform, optical quality thin film because the MOF layer forms
an optical resonator and the spectral position and profile of the resonance depends on
the uniformity of the MOF film. It is difficult to control the thickness and quality of the
MOF films because the MOF crystallization process is very sensitive to the substrate
surface roughness and other parameters which are discussed later.
Figure 6.2: Schematic of (a) an open-cavity formed by a MOF coating
on a silver substrate and (b) a thin-film cavity with a layer of MOF
crystals on top.
Alternatively, the issue of MOF film quality can be partly circumvented by using the
MOF coatings as functional layers on top of other open or semi-open optical resonators.
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In this configuration they do not act as the resonant layer, instead only perform the
role of capturing the target gas molecules and altering the reflectivity of key interfaces
of the resonators. A very simple design for such a system is depicted in Fig. 6.2 (b)
where the metal-dielectric-metal structure forms a Fabry-Perot resonator and the MOF
layer interacts with the ambient gas molecules. In this scheme, the thickness of the
dielectric spacer offers spectral tuning, so the MOF film thickness control is not as
critical as in the first scheme. Both of the schemes outlined in Fig. 6.2 are explored
and compared in this chapter.
6.1.3 Prior related research
MOF coatings in optical resonators have already attracted some research interest in
recent years. Specifically, ZIF-8 MOF has been widely investigated for optical gas
sensing applications. The current fabrication technology for ZIF-8 MOF makes it
possible to deposit uniform thin films to form Fabry-Perot resonators (a few micron
thick MOF layer) [40], functionalize monolayer colloidal crystals [102], and create 2 and
3-dimensional periodic patterns [157, 159]. Another strong candidate for gas sensing
applications is HKUST-1 MOF, which has been found to enhance the gas sensing signal
of localized surface plasmon resonance based sensors [105] and Bragg stacks [156,160].
However, these have not been studied in thin-film resonator configurations.
Though there are increasing reports on usage of HKUST-1 MOF in optical systems,
there are very limited studies on the dielectric properties of HKUST-1 films. To the best
of our knowledge, there are only two experimental reports on the dielectric constant
of the HKUST-1 MOF that discuss its optical properties, but in a specific context
which is in the absence of any guest molecules [106, 161]. Most practical applications
of HKUST-1 would require the knowledge of its RI in the presence of humidity or other
analytes, which indicates a need for research to determine the effect of humidity on
its RI. HKUST-1 MOF is a hydrophilic compound which is known to adsorb ambient
water molecules and the adsorption of water-molecules is expected to change its RI,
however, there is no report on quantitative estimates of these expected changes in its
RI. This acts as a motivation to investigate the spectral response of the open-cavity
(Fig. 6.2 (a)) and the coated-cavity (Fig. 6.2 (b)) systems under different ambient
humidity conditions, and then to see how they respond to other analytes such as CO2.
The contents of this chapter are organized as follows. This introductory section is
followed by a brief background which presents the basic properties of HKUST-1 MOF.
The third section describes materials and methods of fabrications. The section four
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section presents the sample characterization data collected using Fourier-transform in-
frared spectroscopy, scanning electron microscopy and ellipsometry. The fifth section
discusses the angle-resolved reflection spectroscopy measurements and analysis of the
measured data using transfer matrix method calculations. Based on these measure-
ments, a set of illumination conditions were identified to study the sample reflection
spectra under different concentrations of water-vapour and carbon-dioxide molecules,
which are covered in Sections 6 and 7, respectively. The final section presents a sum-
mary of the chapter and an outline for future investigations, which could help in opti-
mizing the sample response and understanding the underlying sensing mechanisms.
6.2 Background
HKUST-1 MOF was first isolated in 1999 by Chui et al at the Hong Kong University
of Science and Technology; the nomenclature HKUST-1 is a shorthand for the name
of the institution of its discovery [162]. HKUST-1 consists of Cu+2 ions linked with
benzene tricarboxylic acid, as shown in Fig. 6.3, and is also known by its chemical
name Cu3(BTC)2.
Figure 6.3: HKUST-1 internal structure highlighting the paddlewheel
geometry of the framework. The above depicted molecular structures
are edited versions of figures adopted from www.chemtube3d.com
which is licensed under creative commons attribution-noncommerial-
share alike 2.0UK:England&Wales License.
HKUST-1 is known for its paddlewheel structure with copper ions at the axis and
benzenetricarboxylate groups strutting out as shown in Fig. 6.3 (b) [162]. The internal
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structure of HKUST-1 is very stable in response to co-ordinate bond formation with
guest molecules and heating (up to 200◦ C) [163]. This information is crucial for
thin-film studies because it indicates that HKUST-1 does not swell upon adsorption
of guest molecules, instead responds via change in its RI. The framework forms square
pores of dimensions 9 Å by 9 Å [164] making it a suitable molecular sieve for blocking
large volatile organic compounds, which can also assist in reducing cross-sensitivity for
small-molecule sensing applications.
Owing to its porous internal structure, HKUST-1 acts as a good adsorber for small
molecules like water, ammonia, and carbon-dioxide and the adsorption is accompanied
by small changes in its dielectric properties [105, 165, 166]. HKUST-1 has Lewis acid
coordination sites on the interior of the pore walls which can be filled by weakly bonded
water molecules [164, 165]. The hydrophilic interior of HKUST-1 can take up to 12
water molecules per pore. In the absence of water molecules, the co-ordination sites
are available to other small polar molecules, like ammonia. HKUST-1 is also known to
hold carbon-dioxide molecules; unlike water and ammonia molecules, carbon-dioxide
molecules are non-polar but they have sufficiently large quadrupole moment to have
effective interaction with the co-ordination sites. The polar nature and small size of
water molecules favour their bonding with HKUST-1 over carbon-dioxide. Its ability
to capture gas molecules and undergo RI changes makes HKUST-1 a worthy candidate
for optical gas sensing applications.
Though HKUST-1 appears to be a very attractive choice of material for optical
gas sensing, extensive research will be required to understand and optimize its sensing
behaviour before it can be used in commercial gas sensors. Some of the challenges are
stated here. HKUST-1 exists in crystalline powder form, which is difficult to charac-
terize using ellipsometry [106, 162, 165]. Recently, it was shown that surface mounted
MOFs grown using liquid phase epitaxy (LPE) can form uniform thin-films. However
the success of this technique hinges upon the high quality of the substrate surface,
use of suitable anchor molecules or surface functionalization techniques, and extremely
fine control over the procedures [106, 158, 161]; many aspects of the seemingly simple
fabrication process need further investigation. Also, MOFs tend to adsorb ambient
gas molecules so RI characterizations need highly controlled ambient conditions and
knowledge of the sample history since its fabrication. Regarding the gas sensing ap-
plications, the HKUST-1 MOF can hold a wide variety of polar molecules like water,
ethanol, and methanol. So, if used in its native form, HKUST-1 gas sensors would also
face the challenge of cross-sensitivity and baseline drift. In spite of these challenges,
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knowledge of the native film response towards ambient water-vapour and other com-
mon gases will be crucial before working towards optimization of thin-film properties
for specific applications. There are many researchers working towards optimizations of
its properties to meet these challenges, so the ideas tested here can eventually be used
for gas sensing and other applications.
6.3 Materials and Methods
HKUST-1 is constructed by linking carboxylate (−COO−) groups of benzene tricar-
boxylic acid with copper ions (Cu+2), facilitated by a copper salt. In order to fabricate
thin-film cavities comprising HKUST-1, the substrate surface needs to be functional-
ized with an organic layer which strongly adheres to the substrate surface and mimics
the chemical properties of the organic ligand for the copper ions to attach. In the case
of silver substrates this can be achieved by using 11-mercaptoundecanoic acid, which
consists of a sulphur group that attaches to the silver surface and a carboxylate group
which mimics the behaviour of tricarboxylic acid. Two methods of growing HKUST-1
films, liquid phase epitaxy (or layer-by-layer method) and spray method, are described
here.
6.3.1 Chemicals
Copper (II) nitrate hydrate (Cu(NO3)2.xH2O), 1,3,4-benzenetricaboxylic acid (trimesic
acid, C9H6O6) and 11-mercaptoundecanoic acid (C11H22O2S) were acquired from Sigma-
Aldrich. Polystyrene (secondary standard) of molecular weight 239,700 g/mol was
bought from Aldrich chemical company. Solvents ethanol (95 %) and toluene were
acquired from a local supplier. All chemicals were used as purchased, without further
purification.
6.3.2 Liquid phase epitaxy (LPE) growth
HKUST-1 was grown using LPE or layer-by-layer assembly method which is schemat-
ically represented in Fig. 6.4. Silver films on silicon substrates were functionalized by
immersion in 1 mM solution of 11-Mercaptoundecanoic acid for 24 hours to form a
self assembled monolayer (SAM), which acts as a linker between Ag films and Cu+2
ions. Subsequently, HKUST-1 was grown in cycles, where one cycle consisted of the
following steps: immersions in an ethanol solution of copper nitrate (1mM, 100 mL)
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Figure 6.4: Schematic showing fabrication of HKUST-1 MOF using
the layer-by-layer method. Starting with a functionalized substrate
surface, HKUST-1 film is grown by immersion cycles where each de-
position cycle begins with immersion in the metal solution (copper
nitrate in ethanol) for 30 mins, followed by rinse in ethanol, immer-
sion in the linker solution (trimesic acid in ethanol) for 1 hour and a
final rinse in ethanol.
for 30 minutes, rinse with ethanol, immersion in an ethanol solution of trimesic acid
(1mM, 100 mL) for 1 hour, then a final rinse with ethanol.
This method is extremely simple, but slow. Films with effective thickness close to
100 nm require around 20 immersion cycles, which amounts to 30 hours of fabrication
time (excluding the 24 hours required for functionalization of the silver surface). Ref
[161] claims that LPE yields highly uniform films with good reproducibility when the
whole fabrication process is carried out in single of block time using a robotic system.
In our lab, the fabrication was carried out in time blocks of 6 to 10 hours and the
samples were allowed to dry in uncontrolled ambiance during the breaks. The quality
of thin-films produced was significantly different from those reported in Ref [106,161].
In order to test the sensitivity of sample fabrication procedure, a set of samples were
fabricated using a slight change in the procedure, where during the time breaks samples
were stored in fresh ethanol, instead of staying dry and exposed to the ambient air.
These samples had very different reflection properties and are not discussed any further.
This experiment suggests that small changes in the recipe can have significant effect
on HKUST-1 film properties. To further support this point, Gu et al conducted a
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comparative study on HKUST-1 films produced by two methods, the first method was
the same as described above, while the second method incorporated sonication of the
films at each rinsing step [167]. They found that the films prepared by the first method
have losses in the visible region, whereas the sonicated films were more transparent.
6.3.3 Spray method
The sample fabrication time can be reduced considerably by using the spray method
described here. In this process, HKUST-1 is grown on functionalized silver surface
by using spray cycles, where each cycle begins with a spray of copper nitrate (1mM
in ethanol) followed by a rinse spray of ethanol, then a spray of trimesic acid (1mM
in ethanol) and a final rinse with ethanol. The method is schematically depicted in
Fig. 6.5. The liquids were sprayed using commercially available atomizers and the
Figure 6.5: Schematic showing fabrication of HKUST-1 MOF using
the spray method. Starting with a functionalized substrate surface,
the thin-film is grown in spray cycles where each deposition cycle
begins with a spray of metal solution (copper nitrate in ethanol),
followed by a rinse spray, then a spray of linker solution (trimesic
acid in ethanol) and a final rinse spray of ethanol.
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samples were allowed to dry for 3 minutes between each spray. The samples produced
by this technique form less uniform films when compared with the films produced by
LPE, but the deposition time in reduced from 2 hours per cycle to 12 minutes per
cycle.
6.3.4 Sample nomenclature
Three different kinds of samples are investigated in this chapter, where each class of
samples have variations in the thin-film structures and/or fabrication method. For the
sake of simplicity, a scheme of naming the samples has been devised that indicates the
thin-film structure and fabrication method. The thin-film structures and corresponding
naming scheme are shown in Fig. 6.6.
Figure 6.6: Schematics and nomenclature of samples comprising 1.
silver substrate coated with HKUST-1 MOF (Ag-MOF), 2. silver-
polystyrene-silver cavity (Ag-PS-Ag) and 3. Ag-PS-Ag cavity coated
with HKUST-1 MOF (Ag-PS-Ag-MOF).
The sample name is derived by indicating the substrate followed by the coatings
from bottom to top. For example, the name Ag-MOF refers to the class of samples
which consists of silver substrate coated with HKUST-1 MOF. Since the MOF coatings
are prepared by two different fabrication methods, immersion cycles and spray cycles,
it is important to know which was used, this is indicated by the letters i (for immersion
cycles) and s (for spray cycles). The number of fabrication cycles (x) controls the
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MOF film thickness and is added as the final suffix to the sample name. So, following
this scheme the label Ag-MOF-s-50 implies silver substrate coated with HKUST-1
MOF prepared by 50 spray cycles. The second kind of samples, Ag-PS-Ag, form a
Fabry-Perot resonator comprising a polystyrene (PS) film sandwiched between a highly
reflective opaque silver substrate and a partially transmitting top silver coating. The
reflection properties of these samples strongly depend on the thickness of the PS (d1)
and top silver (d2) coatings, which are indicated in the sample name as follows, Ag-
PS-d1-Ag-d2. Now coming the third class of samples which is a hybrid between class 1
(Ag-MOF) and class 2 (Ag-PS-Ag), the names for these samples take the form Ag-PS-
d1-Ag-d2-MOF-(i or s)-x. So, the name Ag-PS-160-Ag-35-MOF-i-20 corresponds to a
sample comprising 160 nm thick PS film with 35 nm thick silver film on top, coated
with HKUST-1 prepared by 20 immersion cycles.
6.3.5 Sample fabrication
The Ag-MOF samples were prepared on silicon substrates which were sputter coated
with a 4 nm thick chromium (Cr) layer. Silver films of thickness ≈ 200 nm were
deposited on the Cr-coated silicon samples using the thermal vacuum deposition tech-
nique. The Cr coating is used to improve the adhesion between the silicon substrate
and the silver film so that the samples survive the mechanical strain of immersion and
spray cycles during HKUST-1 deposition. The prepared silver substrates were used
for growing HKUST-1 films using the previously described LPE and spray methods of
preparation.
The Ag-PS-Ag cavities were prepared using Cr coated silicon samples as substrates.
First, an optically thick layer of silver was deposited using thermal vacuum deposition.
Next, a polystyrene layer was spun coated, and finally another layer of silver was
added. The PS spin coating was done using its solution in toluene. These Ag-PS-Ag
cavities act as the control samples for studying the behaviour of the Ag-PS-Ag-MOF
samples, which were prepared by growing MOF layer on top Ag-PS-Ag samples using
the same procedures as used for the Ag-MOF samples. One of the reasons for selecting
polystyrene for making the thin-film cavities is that it is insoluble in ethanol, and hence
compatible with the HKUST-1 fabrication procedure.
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6.4 Sample Characterizations
6.4.1 Fourier-transform infrared spectroscopy (FTIR)
The successful synthesis of HKUST-1 films was confirmed using FTIR spectroscopy.
The spectra shown in Fig. 6.7 were obtained by contact pressing HKUST-1 (grown on
functionalized silver film on silicon substrate) onto a DuraSampleIR three reflection
diamond-coated ZnSe attenuated total reflection accessory (ASI SenIR Technologies)
mounted on a Digilab Excalibur FTS4000 spectrometer. Single beam spectra were
collected by co-adding 128 scans in the range of 4000-700 cm−1.
Figure 6.7: Fourier-transform infrared spectroscopy data of HKUST-
1 MOF prepared by 20 immersion cycles (Ag-MOF-i-20, red line) and
50 spray cycles (Ag-MOF-s-50, black line).
The FTIR data collected from samples prepared by both methods, immersion (red
line) and spray (black line), show the characteristic absorbance peaks of HKUST-1
at 731, 762, 1375, 1447 and 1647 cm−1, which are in accordance with those found in
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literature [168]. The peaks at 731 and 1375 cm−1 can be assigned to Cu-O stretching
and C-O vibrations, respectively [169]. The peak at 1647 cm−1 is due to carbonyl
stretching which typically appears around 1670 cm−1 and has moved to a lower wave-
number due to coordinate bond formation between Cu+2 and oxygen atom.
6.4.2 Scanning electron microscopy (SEM) images
The surface morphology of HKUST-1 films deposited on silver coated silicon samples
was studied using SEM (JEOL 6700F FESEM). The cross-section scans of HKUST-1
films fabricated by the liquid phase epitaxy (LPE) and spray methods is shown in
Fig. 6.8. The images clearly show HKUST-1 thin films decorated with large crys-
tals. The presence of large crystals hinders optical measurements by contributing
to undesirable light scattering. Their presence was accounted for by using effective
medium approximation while calculating the effective thickness and refractive index
of the HKUST-1 layer. The quality of the films clearly depends on the fabrication
method. The LPE process yields better crystals and the spray method appears to
make a denser film with lower crystallinity.
Figure 6.8: Scanning electron microscopy scans of Ag-MOF samples
fabricated by (a) liquid phase epitaxy and (b) spray methods. The
samples consist of HKUST-1 MOF crystals and films on top of silver
layer supported on silicon substrates.
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6.4.3 Ellipsometry
Ellipsometry measurements in combination with angle-resolved reflection spectroscopy
and transfer matrix method calculations can confirm the RI and thicknesses of various
layers in the samples. However, ellipsometry measurements require high optical quality
thin-films, meaning uniform film thickness with low surface roughness and minimal
light scattering. The optical quality of the current HKUST-1 thin-films does not seem
suitable for such measurements. In such cases, it is helpful to use the refractive index
values reported in the literature to guide the simulations. There are only a few reports
that investigate the dielectric properties of HKUST-1 films [106,161]. Redel et al [106]
report the refractive index of the empty HKUST-1 framework, meaning in the absence
of any guest molecules, to decrease from 1.575 to 1.5 as the wavelength increases
from 400 to 750 nm; these refractive index values can be modelled using the Cauchy
dispersion relation n(λ) = A+B/λ2, where A = 1.473, and B = 0.0165 (Fig. 6.9 (a)).
Figure 6.9: (a) real (n) and (b) imaginary (k) parts of the refractive
index of HKUST-1 MOF as a function of wavelength as given by
n(λ) = 1.473+0.0165/λ2 (dotted line, data derived from [106]), nMOF
(black dashed lines), neff1 (red lines), neff2 (black solid lines) and
neff3 (green lines).
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However, these values can not be used for the optically lossy, non-uniform and
partially hydrated thin-films; in order to get a more relevant estimate of the RI of
HKUST-1 films the ellipsometry measurements were performed on freshly prepared
samples. The data was fitted using effective medium approximation including a lossy
Cauchy dispersion model for the MOF crystals (nMOF ) and void to account for the
high surface roughness. A comparison of the RI of the lossy MOF (nMOF ) and the
effective refractive index calculated by incorporating 19% (neff1, red line), 55% (neff2,
black solid lines), 75% (neff3, green lines) void is shown in the Fig. 6.9. The effective
refractive index of the MOF layer gets lower in value upon inclusion of void and si-
multaneously the effective film thickness increases from 92 nm for neff1 to 168 nm for
neff3. It is difficult to decide which combination of neff and d is best suited for further
calculations and analysis.
Angle-resolved reflection spectra of lossy thin-films on metal substrates typically
show strong angular dispersion and hence can be used for confirming the n and d
of the thin-film. In order to determine the combination of neff and d which best
describes the physical properties of the Ag-MOF sample, the reflection spectra of the
sample were measured at four different angles using s-polarized light. Figure 6.10 (a)
shows the measured spectra at θ = 6◦ (blue line), 30◦ (red line), 60◦ (black line) and
77◦ (green line). When θ changes from 77◦ to 60◦, the reflection minimum shows 50
nm blue-shifts (∆λ = 50 nm). Spectra calculated using neff1, neff2 and neff3 are
shown in Fig. 6.10 (b), (c) and (d), respectively. All the three values of refractive
index predict blue-shift in the reflection spectra as θ reduces from 77◦ to 60◦. However,
neff1 clearly underestimates the value of ∆λ which is half of the measured value and
neff3 overestimates the spectral dispersion where the reflection minimum for θ = 60
◦
is expected to be in region λ < 400 nm. While none of the calculated reflection spectra
are in very good agreement with the measured spectra, the spectra corresponding to
neff2 (Fig. 6.10 (c)) offer a very similar angular dispersion trend with ∆λ ≈ 50 nm,
hence it has been chosen for further calculations and from here onwards is referred to
as the effective refractive index (neff ).
The RI and thickness of self assembled monolayer of 11-mercaptoundecanoic acid
were characterized using the Cauchy dispersion model n(λ) = 1.249+0.0103/λ4 yielding
a thickness (d) close to 2 nm. The model agrees with values of n and d reported in
literature [170, 171]. The RIs of the polystyrene layer and silver substrate were fitted
using n = 1.58 and the general oscillator model, respectively.
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Figure 6.10: Reflection spectra of the Ag-MOF-i-20 sample (a) mea-
sured at θ = 77◦ (green lines), 60◦ (black lines), 30◦ (red lines) and 6◦
(blue lines) under s-polarized illumination. The corresponding calcu-
lated reflection spectra using (b) neff1 = 0.81nMOF + 0.19 void and
d = 92 nm, (c) neff2 = 0.45nMOF + 0.55 void and d = 124 nm, and
(d) neff2 = 0.25nMOF + 0.75 void and d = 168 nm.
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6.5 Angle-resolved Reflection Measurements
Angle-resolved reflection spectra of Ag-MOF samples and MOF coated cavities provide
insight into the absorption behaviour of these samples and also help in confirming the
sustenance of thin-film resonances. Reflection spectra were measured in the visible
region (400-800 nm) using linearly polarized white light. A detailed description of the
experimental setup can be found in Chapter 4.
6.5.1 Characteristics of Ag-MOF samples
The reflection spectra of Ag-MOF samples show an interesting trend when illuminated
by obliquely incident s-polarized light. After a certain number of fabrication cycles
a dip appears in the reflection spectra which moves to longer wavelengths with an
increase in the number of fabrication cycles. Figure 6.11 shows the reflection spectra
of the Ag-MOF samples prepared by both methods, spray cycles (on the left) and
immersion cycles (on the right), measured at θ = 77◦. Individually, for both methods
an increase in the number of fabrication cycles shows red-shift of the reflection minimum
(λmin), however, for a given number of cycles the two methods give different reflection
properties. To be more specific, the reflection spectra of Ag-MOF-i-15 sample looks
similar to Ag-MOF-s-30, suggesting that 30 spray cycles are required to deposit the
amount of HKUST-1 deposited using 15 immersion cycles. This difference must arise
due to differences in crystal formation using these two methods. Regarding the optical
quality of the thin-films, the spray method samples appear to show overall higher
reflection than the immersion method samples indicating lower absorption or scattering
losses. Also, the immersion method samples support sharper dips in the reflection
spectra; for example, the sample Ag-MOF-i-20 shows a clear reflection minimum at
λmin = 494 nm whereas sample Ag-MOF-s-60 and Ag-MOF-s-90 exhibit relatively
broader features.
It is noted that with further increase in the number of spray cycles (up to 165,
sample Ag-MOF-s-165) Fig. 6.11(a), the reflection minimum continues to show a red-
shift (λmin = 630 nm) and the dip in the reflection spectrum shows very poor contrast.
The observed trend in reflection spectra can be explained by considering a com-
bination of factors: the native absorption of HKUST-1, light scattering from bigger
crystals and thin-film interference effects sustained in the film formed by the effective
medium made of HKUST-1 crystals and air. The red-shift in the reflection minimum
is indicative of thin-film resonances, where the increase in number of fabrication cycles
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Figure 6.11: Measured reflection spectra of Ag-MOF samples fab-
ricated by (a) spray method using 30 cycles (Ag-MOF-s-30, black
line), 60 cycles (Ag-MOF-s-60, red line), 90 cycles (Ag-MOF-s-90,
blue line), and 165 cycles (Ag-MOF-s-165, green line) and (b) layer-
by-layer method using 5 cycles (Ag-MOF-i-5, black line), 10 cycles
(Ag-MOF-i-10, red line), 15 cycles (Ag-MOF-i-15, blue line), and 20
cycles (Ag-MOF-i-20, green line). All spectra were measured using
s-polarized illumination at θ = 77◦.
increases the HKUST-1 film thickness. While the light scattering losses arising from
bigger crystals would lead to broadening of any resonance features in the reflection
spectra and deteriorate the thin-film resonance, the native optical losses in HKUST-1
are desirable for resonance-enhanced absorption of light.
Angle-resolved reflection spectra of thin-film structures can help in understanding
which of the above mentioned factors plays a dominant role in the absorption of these
samples. To confirm the excitation of thin-film resonances in the Ag-MOF samples
discussed above, the angle-resolved reflection measurements were performed on the Ag-
MOF-i-20 sample using both s and p-polarized light of similar characteristics to the
systems studied in Chapter 4 and 5. The reflection spectra show a strong dependence
on illumination angle (θ) and polarization of the incident light (Fig. 6.12 (a) and (b)).
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Figure 6.12: Measured reflection spectra of Ag-MOF-i-20 sample for
(a) p-polarized and (b) s-polarized illumination at θ = 77◦ (green
lines), 60◦ (black lines), 30◦ (red lines), and 6◦ (blue lines). Calculated
reflection spectra of Ag-MOF sample with 124 nm thick MOF layer
for the same values of θ under (c) p-polarized and (d) s-polarized
illuminations.
For s-polarized illumination, a reflection minimum occurs at λ = 447 nm for θ = 77◦
(Fig. 6.12 (b), green line) which blue-shifts when θ reduces to 60◦ (black line). As for
the lower values of θ (30◦ and 6◦), only part of the resonance, assuming that there is a
resonance, appears in the range of observation. Coming to p-polarization, the sample
does not support a clear dip, rather there is measurable absorption in the blue region
which has a small dependence on θ. If the absorption in the thin-film structure were
to arise from native optical losses of HKUST-1 then the reflection spectra would not
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exhibit such a strong dependence on illumination conditions. The strong dispersion
observed for s-polarized illumination is indicative of excitation of thin-film resonances;
this can be confirmed using transfer matrix method calculations, as shown in Fig. 6.12
(c)-(d).
The reflection spectra of Ag-MOF samples were calculated using neff (neff = neff2)
as the RI and d = 124 nm. The simulated angle-resolved reflection spectra show
qualitative agreement with the experimentally measured reflection data. To be more
specific, the simulated spectra also exhibit a broad resonance at λ = 446 nm for s-
polarized light incident at θ = 77◦, when θ reduces to 60◦, the resonance weakens and
shifts to lower wavelengths, while the spectra of 30◦ and 6◦ look very similar to each
other. The angular dependence of the reflection spectra under p-polarized illumination
is also in good agreement.
In addition, the reflection spectra of Ag-MOF samples with different MOF layer
thicknesses were calculated to compare with the measured reflection spectra of sam-
ples with different numbers of fabrication cycles. Increasing the number of fabrication
cycles is expected to increase the MOF layer thickness. Figure 6.13 shows the mea-
sured and calculated spectra in the left and right panes, respectively. The spectra
of samples Ag-MOF-i-10 (red line) and Ag-MOF-i-15 (blue line) show an absorption
branch in the blue region (400-450), which does not necessarily arise from any reso-
nance. But the spectra of samples Ag-MOF-i-20 (green line) and Ag-MOF-s-165 (black
line) clearly show reflection dips at λ = 446 nm and λ = 628 nm, respectively. The
simulated spectra show a very similar trend, where films with thicknesses 124 nm and
195 nm support broad resonances at λ = 446 nm and λ = 625 nm, respectively. As
the number of fabrication cycles increases the light scattering from large HKUST-1
crystals becomes dominant, which reduces the overall reflection and weakens thin-film
interference effects; this is can be noticed in the reflection spectrum of Ag-MOF-s-165
shown with black line in Fig. 6.13 and the spectra of other spray coated samples,
Ag-MOF-s-60 and Ag-MOF-s-90, shown earlier in Fig. 6.11 (a).
The angle-resolved measurements and corresponding calculated reflection spectra
confirm that the Ag-MOF samples support thin-film resonances. Also, these samples
have significant light scattering arising from large MOF crystals, which reduces the
overall reflected light intensity and deteriorates the thin-film resonance, which is very
noticeable for a sample fabricated using the spray method. Based on the above obser-
vation, Ag-MOF samples prepared using immersion cycles were chosen for studying the
sample response to changes in ambient humidity under s-polarized light illumination at
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Figure 6.13: (a) Measured reflection spectra of the following sam-
ples: Ag-MOF-i-10 (red line), Ag-MOF-i-15 (blue line), Ag-MOF-i-20
(green line) and Ag-MOF-s-165 (black line). (b) Calculated reflection
spectra of Ag-MOF samples with MOF layer thickness d = 55 nm (red
line), 80 nm (blue line), 124 nm (green line) and 195 nm (black line).
All spectra were measured and calculated for s-polarized illumination
at θ = 77◦.
θ = 77◦. Corresponding data is discussed in the section 6.6, while the remainder of this
section dwells into reflection properties of MOF coated cavities made of polystyrene
films sandwiched between silver mirrors.
6.5.2 Characteristics of Ag-PS-Ag-MOF cavities
A thin-film structure comprising a transparent dielectric medium sandwiched between
two metal layers, an optically opaque highly reflective substrate and a partially trans-
mitting top coating, forms a thin-film Fabry-Perot resonator. The reflection spectra of
such thin-film structures are sensitive to the ambient refractive index changes induced
due to the presence of target molecules. However, changes in the cover medium RI are
too small to be measured using such low finesse cavities. Also, this thin-film structure
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lacks an inherent lack mechanism to selectively respond to specific gas molecules. Both
the sensitivity and selectivity of such a thin-film resonator can be enhanced by attach-
ing molecule receptors to the FP resonator which can capture the target molecules and
provide selective RI change. MOFs can play the role of receptors very effectively. In or-
der to undertake sample fabrication the reflection properties of silver-polystyrene-silver
cavities (Ag-PS-Ag) were simulated using the transfer matrix method. For consistency
and ease of comparison, all of the reflection spectra were measured and calculated for
s-polarized illumination at θ = 77◦.
The reflection properties of Ag-PS-d1-Ag-d2 samples can be tuned by changing the
thicknesses of the polystyrene layer thickness (d1) and the silver top-coating (d2). The
effects of d1 and d2 on the position (λFP ) and full-width at half minimum (fwhm) of the
thin-film cavity resonance are summarized in Fig. 6.14, using the calculated reflection
spectra of three examples. First, for a given thickness of silver top-coating (d2 = 35
nm) an increase in the spacer layer thickness (d1) causes red-shift of λFP without
a significant change in the profile of the resonance. When the PS layer thickness
increases from 150 nm to 180 nm, λFP shifts from 503 nm to 575 nm while maintaining
fwhm = 14 nm. Second, for a given spacer thickness, d2 has a significant effect on
both the position and the profile of the resonance. For a 160 nm thick PS layer, as d2
changes from 35 nm to 15 nm the resonance moves from λFP = 527 nm (fwhm = 14
nm) to 562 nm (fwhm = 26 nm). The resonance becomes broader due to the increase
in cavity loss for lower values of d2. Third, by tuning both d1 and d2 it is possible
to excite the resonance at a given wavelength with different strengths of absorption.
The sample with d1 = 145 nm and d2 = 15 nm exhibits close to 100% absorption at
λ = 526 nm with fwhm = 28 nm and has full spectra overlap with the resonance of
sample with d1 = 156 nm and d2 = 25 nm (d1 = 160 nm and d2 = 35 nm). These three
samples when coated with MOF can be used for investigating the effect of resonance
profile on the sensitivity such sensors.
The Ag-PS-Ag cavities present a wide variety of options for studying MOF coated
cavity systems, where the effect of spectral overlap between the MOF coating resonance
and PS cavity resonance can be studied. As a first step in this direction a MOF coated
cavity (Ag-PS-Ag-MOF sample) comprising 150 nm thick PS layer and 35 nm thick
silver layer was fabricated and coated with HKUST-1 MOF using 15 immersion cycles.
The corresponding sample is labelled Ag-PS-150-Ag-35-MOF-i-15.
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Figure 6.14: Calculated reflection spectra of Ag-PS-d1-Ag-d2 samples
where d1 and d2 are the thicknesses of the polystyrene and the top
silver coatings, respectively, illuminated by s-polarized light incident
at θ = 77◦. (a) Samples with d2 = 35 nm and different values of
d1 = 150 nm (red line), 160 nm (black line) and 180 nm (green line),
(b) samples with d1 = 160 nm and different values of d2 = 15 nm
(dotted line), 25 nm (dashed line) and 35 nm (solid line), and (c)
samples with d1 = 160 nm and d2 = 35 nm (solid line), d1 = 156 nm
and d2 = 25 nm (dashed line), and d1 = 145 nm and d2 = 15 nm
(dotted line).
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In order to understand the effect of MOF coating on the reflection properties of
the Ag-PS-Ag-MOF samples, the reflection spectra of Ag-MOF-i-15, Ag-PS-150-Ag-35
and Ag-PS-150-Ag-35-MOF-i-15 samples were compared, as shown in Fig. 6.15. The
Ag-PS-150-Ag-35 sample exhibits a resonance at λ = 505 nm which appears to be in
agreement with the simulated results shown in Fig. 6.14. The Ag-MOF-i-15 sample
Figure 6.15: Measured reflection spectra of Ag-PS-150-Ag-35 (green
line), Ag-PS-150-Ag-35-MOF-i-15 (red line) and Ag-MOF-i-15 (blue
line) under s-polarized illumination at θ = 77◦.
shows absorption in the range of 400-500 nm and has minimal spectral overlap with the
FP resonance of Ag-PS-150-Ag-35 sample. The reflection spectrum of the Ag-PS-150-
Ag-35-MOF-i-15 retains the features of both the control samples, i.e the absorption
branch near 400 nm and the FP resonance which is red-shifted to λ = 517 nm. Also,
the FP resonance shows broadening which can be attributed to the presence of non-
uniform HKUST-1 coating on the top.
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The Ag-MOF-i-20, Ag-PS-150-Ag-35-MOF-i-15, Ag-PS-150-Ag-35 and Ag-MOF-i-
15 samples were selected to study the effect of humidity on their reflection spectra.
These investigations had two main motivations, first to understand if these thin-film
structures have a potential for gas sensing applications and second to get an estimate
of effective change in RI of HKUST-1 layer. This information will be crucial for most
optical applications of HKUST-1.
6.6 Humidity Response
The response of Ag-MOF and Ag-PS-Ag-MOF samples towards change in ambient
water vapour content, measured in terms of relative humidity (RH), was studied by
monitoring the changes in the reflection spectra of the samples when ambient humidity
increase from RH = 2% to 70%. The spectral changes were analyzed using transfer
matrix method calculations to estimate the changes in RI of HKUST-1 MOF films
induced upon co-ordination or bonding of water molecules. A detailed description of
the optics layout and the gas flow system can be found in Chapter 4.
6.6.1 Ag-MOF system
The reflection spectra of the Ag-MOF-i-20 sample under both low and high humidity
are shown in Fig. 6.16 (a). The sample exhibits a broad open cavity resonance at λ =
423 nm for RH = 2% (red line), when humidity increases to RH = 71% (blue line) the
reflection minimum red-shifts significantly to λ = 440 nm. This corresponds to a 17 nm
red-shift in the FP resonance. Since, HKUST-1 MOF is known to retain its structure
upon water molecule absorption, this shift in resonance must arise from changes in its
RI. Transfer matrix method calculations predict that a 17 nm shift in the resonance
would require 0.0225 increase in the real part of the refractive index (dn = 0.0225).
Further calculations were performed to compare the shift in the resonance wavelength
predicted using the refractive index values obtained from the Cauchy dispersion relation
n(λ) = 1.473+0.0165/λ2. For a given thickness of HKUST-1 layer, the position and the
profile of resonances calculated using these two models of RI differ, but their sensitivity
towards change in the film index appears to be very similar as shown in Fig. 6.16 (b).
This suggest that if the HKUST-1 films had the same refractive index as reported in
Ref [106], 17 nm red-shift in the reflection spectra would still require dn ≈ 0.0225.
However, the lossy nature of HKUST-1 can come into play and affect the resonance
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Figure 6.16: (a) Measured simulated reflection spectra of Ag-MOF-i-
20 sample for RH = 2% (red line) and RH = 71% (blue line) for s-
polarized at θ = 77◦. (b) Calculated shift in the resonance wavelength
(∆λ) as a function of change in the refractive index of MOF layer (dn)
for the measured refractive index (black line) and Cauchy dispersion
formula n(λ) = 1.473 + 0.0165/λ2 (red line).
via changes in the imaginary part of the refractive index; this aspect is discussed in
detail in Section 6.8.
In the context of gas sensing applications, the linearity and the reversibility of the
sample response are very important. To study the linearity of sensor response, sensing
signal is defined as the absolute change in the reflection intensity (∆R) at a fixed
wavelength (on the flank of the resonance, λ = 501 nm in this case). The signal shows
a sharp rise of 6.5% when the humidity increase from RH = 2% to 20% (Fig. 6.17 (a))
and a slow rise in the higher humidity range (RH = 40% to 71%) leading to two regions
of linear responses with different slopes, 0.47 in the lower humidity region and 0.04 in
the higher RH range.
The data presented in Fig. 6.17 (b) and (c) shows that HKUST-1 film responds
to the humidity changes in real-time, but it takes longer to stabilize to a final value
when compared with the commercial sensor. The data in Fig. 6.17(c) suggests that
the sample response is not fully recovered even after 20 minutes. HKUST-1 is known
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to retain water-molecules, and a similar lack of reversibility of HKUST-1 response has
been observed by Schlechte et al using near infrared spectroscopy measurements [154].
Further studies would be required to investigate techniques for sensor response recovery,
such as temperature cycling or chemical functionalization but these are beyond the
scope of this work.
Figure 6.17: (a) Absolute change in reflection (∆R) as a function
of relative humidity (RH) for the Ag-MOF-i-20 sample measured at
λ = 501 nm (s-polarization, θ = 77◦). (b) The corresponding change
in RH recorded by the reference sensor and (c) ∆R of the sample
measured in the real-time.
6.6.2 Ag-PS-Ag-MOF System
This section considers the humidity response of MOF-coated cavities. Specifically, the
idea of using MOF coatings as selective molecule receptors on a thin-film Fabry-Perot
resonator is tested using HKUST-1 coated Ag-PS-Ag cavities. The humidity response
of one such sample Ag-PS-150-Ag-35-i-15 is shown in Fig. 6.18 (a) with black lines.
The Ag-MOF-i-15 sample was used as the control sample. The reflection spectra of
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both the samples show clear red-shift with increase in ambient water-vapour content
(RH=2% to 71%). The earlier hypothesis that 68% increase in RH leads to an increase
in neff with a magnitude dn = 0.0225,
1, was tested using MOF coated cavity sample.
The value dn = 0.0225 appears to be a clear underestimate for the response of Ag-PS-
150-Ag-35-i-15 and Ag-MOF-i-15 sample, so a higher value dn = 0.03 was adopted to
simulate the effect.
Figure 6.18: (a) Measured and (b) simulated reflection spectra of Ag-
MOF-i-15 (red lines) and Ag-PS-150-Ag-35-MOF-i-15 (black lines) at
RH = 2% (solid lines) and RH = 71% (dotted lines) for s-polarized
at θ = 77◦.
A comparison of the measured and calculated humidity response of the samples
showed only a qualitative agreement (Fig. 6.18). The measured spectra show a red-
shift with increase in humidity and the calculated spectra also show a similar shift
with an increase in RI. The measured reflection spectra of the coated cavity shows
weaker resonance than the calculated spectra. The measured spectra show a clear
response over the whole spectral region (400-800 nm), which is not the case for the
calculated spectra. This can be attributed to the light-scattering from the larger MOF
crystals which deteriorates thin-film resonances. As mentioned earlier, the changes in
the imaginary part of neff are also expected to affect the spectra which is discussed
1the value dn = 0.0225 acquired from the response of Ag-MOF-i-20
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later. The non-uniformity in the PS layer and MOF layer thicknesses and uncertainty
in neff measurement together make it challenging to get a quantitative estimate of the
changes in the HKUST-1 film properties.
6.7 Ag-MOF Response to Carbon-dioxide
In the context of gas sensing applications, the response of HKUST-1 towards com-
mon gas molecules and volatile organic compounds needs to be characterized; with
this motivation the spectral response of an Ag-MOF sample was tested against CO2
molecules.
Since the Ag-MOF sample is known to respond to the presence of water molecules,
the trace water-vapour content in both the gas cylinders used for CO2 testing was
chosen to be the same to rule out any interference arsing from changes in water-vapour
concentrations. The reflection spectra of Ag-MOF-i-20 sample under pure N2 and
CO2 are shown in Fig. 6.19 (a) with red and black lines, respectively. The reflection
spectrum shows a 6 nm red-shift when the ambient gas changes from N2 to CO2. This
effect can be simulated by increasing neff by 0.009, as shown in Fig. 6.19 (b). This
Figure 6.19: (a) Measured reflection spectra of Ag-MOF-i-20 for N2
(red line) and CO2 (black line). (b) Corresponding calculated spectra
for Ag-MOF sample with d = 117 nm and MOF film refractive index
as neff (red line) and neff + dn (black line) with dn = 0.009.
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suggests that the adsorption of CO2 molecules onto HKUST-1 causes a small increase
in its RI. The effect is less prominent than the adsorption of water-molecules, but more
than 6 times greater than the effects for the metal-oxide films of Chapter 5.
At this stage it is useful to compare the magnitude of the observed change in neff to
the values reported in the literature. Kreno et al [105] performed a related experiment
using localized surface plasmon resonance (LSPR) sustained in silver nano-particles
and HKUST-1 coated nano-particle for CO2 detection with N2 as the reference gas.
They observed a 0.13 nm shift in the LSPR peak when the ambient gas changed from
N2 to CO2 ( which corresponds to dn = 1.5×10−4 RIU) for the bare silver nano-particle
and 14-fold signal enhancement (∆λ = 1.88 nm) for samples with HKUST-1 coatings
(prepared by 37 immersion cycles). They argued that in the case of bare nano-particles
the LSPR peak resonance shift occurs due to increase in the bulk RI, and the presence
of HKUST-1 coatings amplifies the effect by concentrating CO2 molecules near to the
surface of the nanoparticles. However, they do not comment on the magnitude of the
changes in the RI of the HKUST-1 coatings. Since their sensor shows a shift of 0.13
nm for dn = 1.5 × 10−4 RIU, a 1.88 nm shift must arise from changes of the order of
magnitude 0.0022 RIU. For the MOF coated samples, the change in RI is expected to
be stronger near to the surface than the bulk medium. Based on these observations, it
is safe to conclude that the HKUST-1 coating must offer dn > 0.0022 when the ambient
gas changes from N2 to CO2; which is of the same order of magnitude as observed in
the current investigations. Interestingly, the open-cavity system explored here offers 3
times larger spectral-shift when compared with the MOF-coated silver nanoparticles
sensor reported in Ref [105]. Regarding selectivity of MOF response towards CO2,
it is natural to wonder if there are other MOFs with preferential binding affinity for
CO2. A detailed review on CO2 capture in MOFs, ref [172], suggests that typically
CO2 capture is accompanied with H2O adsorption, hence selectivity of CO2 over H2O
in MOFs remains a challenge.
6.8 Additional Investigations
These investigations point to a few research pathways which are discussed here. First,
sample fabrication appears to be the most challenging and critical step in the process.
In particular high surface roughness due to the wide size distribution of HKUST-1
crystals was detrimental for the thin-film resonances. Literature points towards some
alterations in the recipes which can potentially alleviate the problem of large crystals,
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which are elaborated upon later. Second, the effects of index and loss changes for the
HKUST-1 films are analyzed using the Ag-MOF samples with different thicknesses of
MOF layer. This helps in improving the estimates of changes in the refractive index of
HKUST-1 due to interaction with water-vapour and carbon-dioxide. Third, the MOF-
coated cavity system studied here was designed to have very little overlap between
FP cavity resonance and MOF thin-film resonance. A comparison of sensitivities of
samples as a function of cavity resonance profile and MOF film thickness can help in
optimizing the sensitivity of these thin-film structures.
6.8.1 HKUST-1 thin film fabrication
The optical quality of thin-films plays a crucial role in thin-film resonance based studies.
Non-uniform thickness of MOF films due to presence of the large crystals was one of the
main challenges and the limiting factor in the experiments in this chapter. The current
recipe has a few parameters which can be optimized to alter the crystal distribution: the
relative concentration of Cu+2 ions and ligands, the immersion times for each solution,
the rinse procedure and the substrate surface treatments. The recipe described in
section 1.3.2 used 1:1 ratio of ions to ligands concentrations and 1:2 ratio of immersion
times in the respective solutions. Gu et al report high-quality HKUST-1 thin-films
using 1:2 ratio for the concentrations of ion to ligand and 2:3 ratio of immersion time,
and their films quality significantly improves by sonicating the films in fresh ethanol
for 2 minutes during the rinse steps [161]. Sonicating the samples appears to be a very
effective strategy for shaking off the larger crystals, however, it may not be a viable
options in many cases. For samples studied in this thesis the adhesion between silver
layer and silicon sample was found to be extremely poor and an additional Cr coating
was used to fix this problem. Figure 6.20 shows the tearing and peeling of the Ag films
after 10 immersion cycles for samples without Cr layer. Sonication of the samples at
each rinse step is highly likely to cause peeling even if an adhesive coating is in place.
Alternatively, instead of using highly reflecting silver coating, silicon samples can be
used as partially reflecting substrates. This offers two major benefits, first the silicon
substrates have a better surface quality than thermally deposited silver films, second
the silicon surface can be functionalized by oxygen plasma treatment which reduces
the fabrication time. Before such options are considered, the results from the present
study should be incorporated into a detailed design phase to determine optical system
performance.
155
Figure 6.20: Ag-MOF samples without chromium coatings between
silicon substrates and silver layers, after 10 immersion cycles.
6.8.2 Effects of index and loss changes for Ag-MOF samples.
The samples fabricated in the current study show broadened thin-film resonances and
the contrast in the resonance profile was found to worsen with the increase in the
number of fabrication cycles. This limited the sensing experiments to samples made
by maximum of 20 immersion cycles. Improvement in sample quality would make it
feasible to investigate a set of Ag-MOF samples with greater film thicknesses which
exhibit resonances at different wavelengths, for example 450 nm, 550 nm and 650 nm.
Since the shift in FP resonance wavelength (∆λ) depends upon the MOF film thickness
and change in neff , data collected from a set of samples with different film thicknesses
can provide better a estimate for dneff . Also, due to the lossy nature of the MOFs,
the system can respond via changes in the imaginary part of neff , so it important to
study the effect of dk on the reflection properties of such samples to understand the
underlying sensing mechanisms. The effect of film thickness, dn and dk on the FP
resonance is discussed here with help of simulated reflection spectra.
The simulated effect of change only in real (dn), only in imaginary (dk) and simul-
taneous change in both real and imaginary (n + ik → n + dn + i(k + dk)) parts of
neff are presented in Fig. 6.21 for the specific case of Ag-MOF sample with d = 124
nm. The left panel shows the spectra for incremental changes in dn, dk and dn + idk
in steps of 0.005. At a first glance, it is noticeable that all the three changes lead
to red-shift of the spectra which look very similar to each other. However, a closer
inspection reveals that increase in dn is largely associated with red-shifts near the re-
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Figure 6.21: Simulated reflection spectra of Ag-MOF sample with
d = 124 nm for incremental changes in neff where subplot (a) shows
the effect of increase in dn in steps of 0.005, (c) shows the effect of
increase in dk in steps of 0.005 and (e) shows the effect of dn+ idk in
steps of 0.005. The shifts in Fabry-Perot resonance wavelength (∆λ)
calculated from the spectra shown in (a), (c) and (e) are shown in
(b), (d) and (f), respectively. 157
flection minimum and the spectra show less separation in the region 700-800 nm. In
contrast, for dk the spectral separation is more prominent for the higher wavelengths
(600-750) nm while the effect is less pronounced near the reflection minimum (400-500
nm). When both the change occur simultaneously, i.e. dn + idk, the spectra show
strong shift near the reflection minimum as well as in the higher wavelength region.
This data is very interesting, because it clearly establishes that the Ag-MOF sample
can show similar spectral response via two distinct mechanisms and that the shift in the
reflection minimum (∆λ) alone cannot reveal the true nature of the underlying mech-
anisms. To clarify this point further, ∆λ for each mechanism, dn, dk and dn + idk
(with dn = dk), is shown in the corresponding right panel. For example, a shift of
magnitude ∆λ = 7 nm, could arise either from dk = 0.025 or dn = 0.01 or a combined
effect like dn + idk = 0.005 + i0.005. The value of shift in FP resonance alone is not
sufficient to determine the source of spectral changes. On one hand, this indicates that
interpretations of spectral shift would require a detailed analysis over a large spectral
region instead of tracking the resonance wavelength alone. On the other hand, this
analysis highlights that the lossy thin-film structures carry useful information in the
reflection intensity across the spectrum as opposed to mere position of the reflection
minimum. On a side note, a comparison of data in subplot (b) and (f), shows that
simultaneous increase in dn and dk can cause more prominent ∆λ when compared dn
alone; a mechanism which is accessible only in lossy thin-film structures.
Calculations demonstrate that it is difficult to identify the sensing mechanism by
using the ∆λ value alone; and that the overall shift in the spectra can offer comple-
mentary information. In addition, the spectral changes are also sensitive to initial film
thickness. Analysis of samples responses with different film thicknesses can provide
additional information to confirm the sensing mechanism. This point is further illus-
trated with simulated increase in the real part of neff for samples with three different
film thicknesses. Fig. 6.22 shows the calculated shift in the resonance wavelength ∆λ
as function of dn for Ag-MOF samples with MOF thicknesses d = 124 nm (blue line),
145 nm (red line) and 165 nm (black line). If dn is indeed the dominant mechanism,
then a given value of dn measured from one sample can be used to predict the ∆λ for
the other samples. For example, if a sample with d = 124 nm exhibits ∆λ = 11 nm,
the calculation shows that it could arise from dn = 0.015. In that case, the sample
with d = 165 nm should exhibit a ∆λ = 17 nm. Similar calculations for ∆λ induced
by dk and dn + idk for various films thicknesses can help in pinning down the effects
causing the spectral changes.
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Figure 6.22: Simulated shift in Fabry-Perot resonance wavelength
(∆λ) as a function of increase in the real part of neff (dn) for three
different film thicknesses d = 124 nm (blue line), 145 nm (red line)
and 165 nm (black line).
The current measured spectra of the samples are not in quantitative agreement
with the spectra calculated using neff , so a comprehensive analysis of this kind, i.e.
separating the effects of dn and dk, will be of limited accuracy only. In spite of that,
a preliminary analysis to incorporate the effect of dk was carried out for the data
presented in Section 6.6 and 6.7, and is discussed here.
First, the humidity response of the Ag-MOF-i-20 sample is discussed (Fig. 6.23).
The resonance of the sample exhibits ∆λ = 17 nm when RH increase from 2% to
71%, as shown in Fig. 6.23 (a). A 17 nm shift in the resonance can either arise from
dn = 0.025 or dn + idk = 0.019 + i0.02, both are shown in the Fig. 6.23 (b). In
order to decide which one of these two effects is more valid, it is important to compare
the spectral separation in the longer wavelength region (600-800 nm). It clear from
the spectra that dn = 0.025 shows a less prominent separation when compared with
dn+ idk = 0.019 + i0.02, suggesting that the match between measured spectra and the
simulated spectra improves by incorporating small changes in the imaginary part of the
RI of the MOF. It is noted that the calculated spectra show a slightly wider separation
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for λ < 400 and λ > 800, than the measured spectra. This could occur due three
reasons. First, the measured spectra has lower accuracy in these regions because of the
light source which had relatively smaller components of these wavelengths. Second,
the ellipsometry data was available only in the wavelength region 400-800 nm, so the
neff values were extrapolated for the other wavelengths. Third, and critically, the
wavelength dependence of dn and dk has not been accounted for; the above calculations
were first order approximations where dn and dk were assumed to be constant across
the whole spectral region.
Figure 6.23: (a) Measured reflection spectra of Ag-MOF-i-20 sample
for RH = 2% (solid line) and 71% (dashed line). (b) Calculated
reflection spectra for Ag-MOF sample with d = 124 nm using three
different RI values for the MOF coating: neff (solid line), neff +0.025
(dotted line) and neff + 0.019 + i0.02 (dashed line).
Next, the values of dn + idk acquired from the Ag-MOF sample response analysis
were adopted for analyzing the response of the MOF coated cavity samples, to see if
this new estimate improves the match between the measured and simulated spectra
response. Fig. 6.24 shows the measured (left panel) and calculated (right panel)
humidity response of the Ag-MOF-i-15 and Ag-PS-150-Ag-35-MOF-i-15 samples in
the top and bottom panes, respectively. The calculations with the new estimated
change in neff , which is dn+ idk = 0.019 + i0.02, are shown Fig. 6.24 (b) and (d) with
dashed lines. The spectra for dn+ idk = 0.019 + i0.02 show wider separation than the
ones calculated using dn = 0.03 (dotted lines). Since the measured spectra also show
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Figure 6.24: Measured reflection spectra of (a) Ag-MOF-i-15 and (c)
Ag-PS-150-Ag-35-MOF-i-15 samples for RH = 2% (solid line) and
71% (dashed line). Calculated reflection spectra for (a) Ag-MOF-i-15
and (c) Ag-PS-150-Ag-35-MOF-i-15 samples using three different RI
values for the MOF coating: neff (solid line), neff +0.03 (dotted line)
and neff + 0.025 + i0.02 (dashed line).
a noticeable separation across the whole region (λ = 400− 800 nm), it is inferred that
dn + idk = 0.019 + i0.02 is a better estimate of the change causing the spectra shift.
It is noted that data from three different samples, Ag-MOF-i-20, Ag-MOF-i-15 and
Ag-PS-150-Ag-35-MOF-i-15, show better agreement between measured and calculated
spectra for dn+ idk = 0.019 + i0.02 as the change in neff .
Similar improvement in the match between calculated and the measured spectra was
observed for CO2 sensing response of the Ag-MOF-i-20 sample. The reflection spectrum
of the Ag-MOF-i-20 sample shows 6 nm shift when the ambient gas changes from N2
to CO2 (Fig. 6.25 (a)). This shift in resonance position can be simulated by using
dn = 0.009 (as shown earlier in Fig. 6.19 (b)) or dn+ idk = 0.008 + 0.003 as shown in
Fig. 6.25 (b). While both the changes lead to the same ∆λ, the dn+idk = 0.008+i0.003
value leads to a wider separation between the spectra for wavelengths in the range
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600-800 nm. Very similar to humidity response, even the CO2 response shows better
agreement between the measured and calculated data upon inclusion of dk.
Figure 6.25: (a) Measured reflection spectra of Ag-MOF-i-20 sample
for N2 (red line) and CO2 (black line). (b) Calculated reflection spec-
tra for Ag-MOF sample with d = 117 nm using neff (red line) and
neff + 0.008 + i0.003 (black line) as the RI for the MOF coating.
6.8.3 Future directions for data analysis
This study is unique in exploiting the changes in the imaginary part of the refractive
index (k) of the sensing materials in a thin-film resonator configuration. The typical
analysis methods which involve tracking the position of the reflection minima/maxima
(∆λ) or change in reflection intensity at a fixed wavelength (∆R) are not effective for
studying the response of lossy thin-film structures. This provided an opportunity to
lay out a method for analyzing the response of these novel lossy-resonators, which is
presented in the form of a flowchart in Fig. 6.26. It uses the measured change in
reflection (∆R1) at one wavelength to acquire initial plausible values for ∆n + i∆k.
These values are then used to predict expected changes at some other wavelength,
typically close to wavelengths which expected to have ∆R2 ∼ 0 and ∆R3 near the
maxima, as indicated in the right subplot in Fig. 6.26. The analysis carried out in
this and the previous chapters was done by hit and trial method. In future, a more
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Figure 6.26: Flowchart outlining steps to determine the change in the
refractive index of a lossy thin-film acting as a sensing layer.
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comprehensive search for the values of ∆n+i∆k which exhaust most possibilities could
be carried out computationally.
6.8.4 Future directions for Ag-PS-Ag-MOF samples
The sensitivity of an Ag-PS-Ag resonator towards ambient molecules depends upon
the sharpness of the FP resonance and the changes near surface of the top-Ag coating.
Thicker Ag coatings lead to sharp resonances, but they also insulate the cavity from
changes near the surface. In contrast, thinner coatings lead to broad resonance but
make the thin-film structure more sensitive to any changes near the surface of the
cavity. This aspect is explained with help of an example. The effect of increase in RI,
dn = 0.03, for a 58 nm thick MOF layer was simulated for samples with 35 nm and 15
nm thick silver coatings. The PS layer thickness was adjusted to have the Ag-PS-Ag
cavity resonance in the same spectral region. The calculated spectra samples Ag-PS-
160-Ag-35-MOF and Ag-PS-140-Ag-15-MOF sample with 58 nm thick MOF coatings
are shown in Fig. 6.27 with red and black lines, respectively. The data clearly suggest
that the sample with thinner silver coating (Ag-PS-140-Ag-15-MOF) is more sensitive
to the dn, in spite of its broader resonance profile.
Next we consider the effect of MOF layer thickness on the profile and sensitivity
of Ag-PS-Ag-MOF samples. If the MOF layer sustains a thin-film resonance then the
sample turns into a double resonator where the FP resonance of Ag-PS-Ag cavity and
the open cavity resonance of Ag-MOF can interact. This can be seen in the profile of
the calculated reflection spectrum of the Ag-PS-150-35-MOF sample with d = 124 nm
shown Fig. 6.28 with black line. Regarding the effect of MOF layer thickness on the
sensitivity of these samples, the comparison of spectral changes induced by dn = 0.03
in the reflection spectra of the sample with d = 124 nm (black lines) and d = 58 nm
(red lines) suggest that thicker MOF layer can offer stronger spectral changes. Since
coupling of the resonances and mere increase in MOF layer thickness both effects are
expected to enhance the sample sensitivity, further analysis will be required to tease
out the contributions each effect.
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Figure 6.27: Simulated reflection spectra of Ag-PS-160-Ag-35-MOF
(red lines) and Ag-PS-140-Ag-15-MOF (black lines) samples with 58
nm thick MOF layer with refractive index equal to neff (solid lines)
and neff + dn (dashed lines) where dn = 0.03.
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Figure 6.28: Simulated reflection spectra of Ag-PS-150-Ag-35-MOF
sample with 58 nm and 124 nm thick layers of MOF are shown with
red and black lines, respectively. The spectra were calculated using
MOF refractive index equal to neff (solid lines) and neff +dn (dashed
lines) with dn = 0.03.
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6.9 Outlook
Some aspects of the proposed gas sensing scheme based on resonance-enhanced ab-
sorption of light in lossy thin-film cavities require further evaluation and are examined
here. A common theme across the sensors investigated in this work is that the sensor
response arises due an interplay of the material response to the target species and the
Fabry-Perot resonance (position and strength of the resonance). Which of these two
factors dominates the sensors response needs further assessment. Next, it is noted that
Ag-MOF and TiOx − Al samples have stronger response in low RH range, unlike the
response of dye-doped polymer cavities which have stronger response in the medium
to high RH range, suggesting a link between the sensing material and the range of the
sensor 2. This is discussed by comparing the sensing mechanisms of HKUST-1, TiOx
and dye-doped polymer films and their humidity response.
6.9.1 Sensing mechanisms and sensor range
Both the TiOx and HKUST-1 cavities had a similar response to increase in the ambient
humidity. The samples responded with sharp rise in signal in the low-humidity range
(RH < 20%) and a gradual rise in the higher humidity range, as shown in Fig. 6.29.
This trend is the opposite of that observed for the dye-doped polymer cavities, also as
shown in Fig. 6.29 (red line). These observations were further analyzed to draw the
following general conclusions. Broadly speaking there are two mechanisms in action:
one where the target molecules penetrate the sensing layer and induce changes in
its thickness/refractive index by simple inclusion, as occurs in the case of polymer
layer; in the other mechanism guest molecules occupy adsorption sites and form weak
bonds, altering the dielectric constant of the sensing layer, as inferred in the case of
TiOx and HKUST-1 films. The first mechanism would require a minimum threshold
concentration of guest molecules to induce measurable changes, and these changes
would continue to rise until the host is saturated. For example, the dye-doped films
require the RH to exceed 20% in order to undergo measurable thickness changes.
The minimum critical concentration of the analyte (RH = 20% in this case) and the
saturation points depend on the initial film thickness. For the second mechanism, even
small concentrations of analyte molecules can generate a response by forming weak
bonds with the host, and the overall dynamics of the response is controlled by factors
2The range of the sensor is the maximum and the minimum concentrations that can be measured
by the sensor.
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Figure 6.29: Maximum absolute change in reflection (∆R) as a func-
tion of relative humidity (RH) for the following samples: dye-doped
PVA coating on silver (red line, right side y-axis), TiO2 coating on
aluminium (blue line, left side y-axis) and HKUST-1 coating on silver
(black line, left side y-axis).
such as strength of bonding and availability of adsorption sites. This leads to the type
of response curve observed for TiOx and HKUST-1 films, where the minimum critical
and saturation concentrations depend on the sensing material, while the film thickness
affects the magnitude of the signal. The effect of film thickness on the magnitude of
the sensing signal can be seen in Fig. 6.30 (b), where the solid and dashed blue lines
present the response of a TiOx − Al sample with film thicknesses 185 nm and 49.5 nm,
respectively; the thicker film has greater response but the shape of the response curve
is independent of the film thickness.
Though the experiments reported here were conducted only with water-vapour as
the target and three different dielectric hosts as the sensing materials, the underlying
mechanisms should translate to a wider range of host-guest combinations. The physical
insights gained from these experiments should prove useful in tuning the range of a
sensor by selecting a sensing material which possesses suitable properties.
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6.9.2 Resonance profile and material sensitivity
The sensitivity of lossy thin film based resonators has two controlling factors; first, the
sharpness of the resonance profile and second, the response of the sensing material. The
effect of each factor is summarized here by comparing the maximum absolute change
in the measured reflection of TiOx − Al samples with film thicknesses 49.5 nm and 185
nm against that of HKUST-1 film on Ag substrate (with film thickness d = 124 nm,
Fig. 6.30).
Figure 6.30: (a) Measured reflection spectra and (b) maximum ab-
solute change in reflection as a function RH for TiOx − Al samples
with d = 49.5 nm (dashed blue lines) and d = 185 nm (solid blue
line), and HKUST-1 film with d = 124 nm on silver substrate.
The humidity response of TiOx − Al samples (blue lines) indicates that for a weakly
lossy material thicker films lead to stronger signal owing to the sharpness of the reso-
nance. For example, a TiOx − Al sample with d = 49.5 nm exhibits a broad resonance
with full width at half minimum (fwhm) = 70 nm, which offers a maximum change
of ∆R = 1.8% in response to 60% increase in RH (dashed blue lines). For similar
changes in humidity the sample with d = 185 nm offers ∆R = 6.3% (solid blue lines),
due to a sharper resonance profile with fwhm = 36 nm. So, in the case of weakly lossy
and transparent media it might be more useful to work with thick films which form
high-finesse cavities. However, many lossy materials which cannot be used in thick-film
cavity configuration and have strong optical response to certain ambient gases require
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resonance-enhanced absorption based sensing scheme; this was observed in the case of
the HKUST-1 based sample. Fig. 6.30 also shows the resonance profile and humidity
response of the HKUST-1 sample using black lines. It is interesting to note that the
HKUST-1 sample resonance is significantly broader than that of the TiOx − Al samples
and still shows a more prominent change in the reflection intensity. In conclusion, the
optical losses and the gas response of the materials together determine which of the two
configurations, traditional thick film interference based system or resonance-enhanced
absorption based configuration, is more suitable for harnessing the sensing response of
the materials.
6.10 Conclusions
HKUST-1 MOF crystals grown on a functionalized silver surface by using layer-by-layer
assembly and spray fabrication methods act as low refractive index thin films. HKUST-
1 coatings on silver substrates can support thin-film resonances which show strong
dependence on polarization and angle of the incident light, very similar to the TiOx
and dye-doped cavities investigated in Chapter 5 and 4, respectively. The reflection
spectra of 124 nm thick HKUST-1 coatings on silver substrates show 7.7 times larger
spectral-shift for a given change in RH when compare to the response of 185 nm thick
TiOx coating on Al substrate. The CO2 response of HKUST-1 cavities is also stronger
than the TiOx − Al samples investigated in Chapter 5 and localized surface plasmon
based sensor investigated in Ref [105]. These preliminary results justify the further
investigation and optimization of HKUST-1 based open-cavity gas sensors. In addition,
there is clear indication of change in HKUST-1 film absorbance in response to water-
vapour and carbon-dioxide, which leads to measurable effects on the reflection spectra
of the samples. One of the main motivations for the work presented in this thesis was
to harness the change in imaginary part of refractive index of the sensing layer while
the thin-film structure sustains wave-interference effects which is successfully realized
in the Ag-MOF samples. In addition, it was demonstrated that the gas sensitive nature
of HKUST-1 MOF can also be exploited by attaching them to thin-film Fabry-Perot
cavities, where the cavity parameters control the resonance profile and the MOF coating
performs the task of capturing the target molecules.
Conclusions drawn from the investigations discussed in this thesis are presented in
the next chapter along with some recommendations for future research work to improve
the sensitivity and performance characterization of such sensors.
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Conclusions and Future Work
This thesis explored the possibility of utilizing resonance-enhanced absorption of light
in sub-wavelength thickness lossy films for gas sensing applications. The work was
built around the central concept of sustaining thin-film resonances in lossy films with
thicknesses in the range of 25-185 nm by using non-trivial reflection phase shifts of-
fered by metal substrates. In contrast to the previously reported ultrathin broadband
absorbers made of highly lossy germanium coatings [1, 12, 13], the thin-film struc-
tures studied here consisted of weakly lossy coatings resulting in samples with tunable
narrow-band absorption properties. This study provided an opportunity to advance
the understanding of wave interference effects in lossy thin-film resonators under vari-
ous illumination conditions and showed that angle-resolved reflection spectroscopy and
transfer matrix method calculations are powerful tools to investigate these thin-film
structures. Experiments also demonstrated that lossy open-cavities can be potentially
used in chip based optical gas sensors.
7.1 Summary
Based on the sensing material used to form the cavity this work was divided into three
parts: dye-doped polymer coatings, sub-stoichiometric titanium dioxide coatings and
HKUST-1 films. These samples were designed to invoke three different mechanisms to
induce measurable changes in the reflection spectra of the samples, namely: i) swelling
of the sensing layer due to penetration of target vapours into the host matrix, ii) simple
adsorption of the target molecules, and iii) weak-bonding between target species and
sensing material. The absorption properties and sensing mechanisms of each cavity
system are summarized below.
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In thin-film structures comprising dye-doped polymer coatings on silver substrates
dye absorption can be significantly enhanced by coupling the dye-molecular excitations
to the open cavity resonances. The dye-absorption controls the wavelength and spectral
profile of the resonance-enhanced absorption peak in these thin-film structures. It was
demonstrated that more than 80% of the incident light can be absorbed using coatings
as thin as 25 nm in a narrow band of width 10 nm. Regarding sensing behaviour of these
thin-film structures, dye-doped polymer cavity supporting coupled resonances can be
more sensitive to the changes in polymer film thickness than corresponding undoped
polymer cavity; this makes the coupled cavity system more effective for gas sensing
applications. One mechanism to disrupt the coupling of the resonances is by making
the polymer film swell in the presence of certain gas molecules. This strategy is very
effective for various polymer-vapour combinations, for example, polyvinyl alcohol films
swell in the presence of polar molecules like water and ethanol vapours but are non-
responsive to toluene, chloroform and methanol. However, the swelling mechanism is
limited to polymer-vapour interactions and hence does not apply to many other gases.
Also, it was observed that the swelling effect is more prominent in the medium to
high humidity range (RH > 30%) and small changes in water-vapour concentration in
low-humidity region are difficult to detect using this mechanism.
Another important part of this investigation was to test materials which can respond
to the ambient gas molecules via a change in their refractive index to establish wider
applicability of the sensing platform. To this end, open cavity thin-film structures
comprising sub-stoichiometric titanium dioxide (TiOx) films on metal substrates were
tested against water-vapour and carbon-dioxide. For humidity sensing experiments,
refractive index changes of the order of ∆n = 0.007 were inferred from approximately
2 nm shift in the measured reflection spectra. The small changes in refractive index
were shown to induce more prominent changes (almost 3-fold) in the reflection spectra
of thin-coatings (d ≈185 nm, λ/2) when compared to ultrathin coatings (d ≈50 nm,
≤ λ/4).
From the point of view of resonance-enhanced absorption of light in weakly lossy
coatings, sub-stoichiometric titanium dioxide thin films offer broad spectral tunability.
Unlike dye-doped polymer cavity systems in which the resonance-enhanced absorp-
tion peak occurs only at the dye absorption wavelength, the peak wavelength in the
TiOx cavities can be tuned by either changing the metal substrate, the film thickness,
polarization or angle of incident light. Exploiting the native optical loss of TiOx, a
sample comprising TiOx film on gold substrate with film thickness as low as 53 nm can
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absorb more than 90% of the obliquely incident s-polarized light while reflecting the
p-polarized component. These findings is relevant for applications in photo-catalysis,
photo-detectors and photovoltaics [173–175]. Angle and polarization dependent ab-
sorption properties make these systems interesting for anti-counterfeit packaging ap-
plications which is discussed in detail in Section 7.2.
In spite of their popularity metal-oxide based sensors suffer from two drawbacks:
high-operating temperatures and cross-sensitivity towards similar species. To a certain
extent these challenges can be tackled by employing a novel class of sensing materi-
als, metal-organic frameworks (MOFs) [7, 152]. When compared to metal-oxide films,
MOFs can respond with more prominent changes in their refractive indices due to
their ability to form weak co-ordination bond with the guest molecules; and they can
be highly selective in their response due the electrostatic interactions at metal-ion sites
and the porous internal structure.
Encouraged by the possibility of inducing larger changes in the refractive index of
the sensing layer, the platform was tested with MOF thin-films. In terms of spec-
tral shift and refractive index changes, preliminary results using HKUST-1 MOF look
very promising. HKUST-1 films (with effective thickness close to 120 nm) on silver
substrates can offer spectral shifts as high as 17 nm due to changes in their effective
refractive index. However, fabrication of high-quality thin-films remains a challenge
and needs further work.
The main finding of this work has been to confirm experimentally that wave in-
terference effects can be observed thin-films made of materials with range of optical
losses, including artificially induced losses. The thicknesses of the coatings for observ-
ing such effects is controlled by the combination of optical losses and the nature of the
substrates. From a gas sensing application point of view, the thin-film structure can
utilize any dielectric material which can respond to gases via changes in optical and/or
physical properties.
7.2 Future Directions
7.2.1 Optical coatings for anti-counterfeit packaging applica-
tions
The resonance-enhanced absorption of light in weakly lossy coatings shows a strong
dependence on polarization and angle of the incident light. In physical terms, it means
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that it is possible to design coatings which would appear ordinary to the naked eye
when viewed in normal light, but would have distinct colour when held at a certain
angle and viewed through polarizing glasses. Kats et al have demonstrated that strong
wave interference effects can persist on flexible substrates with high surface roughness,
for example, paper, cloth or foam [176]. So, the desired light absorption characteristics
can be transferred to a whole range of substrates to design optical coatings which
codify information by using a certain combination of optical losses and film thicknesses;
and the validity of packaging based on such coatings can be tested without expensive
equipment. In future, this idea can be pursued towards the fabrication of proof-of-
concept labels and logos.
7.2.2 Sensing materials
Future research goals could seek to improve the sensitivity and selectivity of such sen-
sors by incorporating suitable metal-nanoparticles or quantum dots in the dielectric
host; an option not available to the conventional transparent thin-film resonator. Lit-
erature suggests that mixed metal-oxides and metal-nanoparticle doped metal-oxides
tend to show better sensing performance [25–30,33]; it therefore appears of interest to
investigate these sensing materials in the resonance-enhanced absorption based con-
figuration. We note that from an application point of view use of dye-molecules is
problematic because typically dye-molecules lose their activity after a few weeks of
light exposure. Alternatively, metal nano-particles support localized surface plasmon
resonance which can enrich the thin-film structure by providing an additional resonance
in the visible domain and also help in tuning gas sensitivity.
7.2.3 Important target gases
This thesis discussed the sensing platform with water-vapour and carbon dioxide as
the target species which have their own significance in the gas sensing market. There
are various other hazardous and inflammable gases which are used in industrial sites
and common household that can be tested on the proposed sensing platform. Table
7.1 provides a list of target gases and suitable sensing materials that can be adopted in
the asymmetric thin-film resonator configuration. Hydrogen is a highly flammable and
explosive gas which can be used as an efficient fuel. However, its usage for industrial and
household purposes would require highly sensitive and fast detection devices. Similar,
liquified petroleum gas and methane are fuel gases which pose risk of explosion. Carbon
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monoxide is colourless and odourless which is fatally toxic. It is often a byproduct of
inefficient fuel combustion. Since it is slightly heavier than air, it tends to settle
down and poses a very serious health risk. Unlike carbon monoxide, hydrogen sulfide
has strong repugnant smell which makes its presence felt. It is also very toxic and
flammable. While detection of fuel gases can improve health and safety standards for
wider consumption of these gases, detection of toxic gases in our environment is needed
to reduce health risk in general.
Table 7.1: List of some important target various gases and the suitable
sensing materials.
S.No Gas Sensing Materials Remark Reference
1 Hydrogen Pt/TiO2, Pd/TiO2 inflammable [177]
2 Liquified Petroleum Gas Pt/SnO2, MnO2 inflammable [178]
4 Carbon monoxide SnO2, In2O3 fatally poisonous [179]
5 Methane ZnO inflammable [180]
5 Hydrogen sulfide polyaniline, BaTiO3 toxic & flammable [181]
7.2.4 Sensor response time
One of the benefits of working with ultrathin films instead of thin-films is a reduction in
sample response time as diffusion of the analyte molecules into the bulk of the sensing
layer correlates with the film thickness. The experimental setup used in this study was
not designed for measuring sensor response time. Future investigations could aim to
measure and compare the response time of samples with a range of film thickness to
confirm if sensors comprising thinner films indeed have a faster response.
7.2.5 Sensor ageing effects
Sensing measurements reported in this thesis were performed on freshly prepared sam-
ples to demonstrate a concept. Many applications would require a comprehensive
knowledge of the effect of ageing of the sensing material as this can lead to baseline
drift and degradation in sensor performance. Future studies could therefore include
systematic characterization of sensor response after time intervals since its first expo-
sure to the target and poisoning species. Such investigations could be supplemented







The TiOx films prepared using thermal vacuum deposition showed slight variations in
their refractive indices. So the calculations and analysis presented in chapter 5 had to
be performed using the nTiOx values obtained from the respective sample only. The real
and imaginary parts of nTiOx for all the samples are shown in Fig. A.1. The samples
have been numbered from 1 to 5. Also, a list a sample and figure where the data has
been used for calculations is presented below.
Sample No. Figure No.
Sample 1 Fig. 5.11
Sample 1 Fig. 5.8
Sample 1 Fig. 5.10
Sample 2 Fig. 5.20 (b) for d = 64.5 nm (blue plot)
Sample 3 Fig. 5.23 (b)
Sample 3 Fig. 5.20 (b) for d = 185 nm (black plot)
Sample 3 Fig. 5.16
Sample 3 Fig. 5.14
Sample 3 Fig. 5.13
Sample 3 Fig. 5.12
Sample 4 Fig. 5.17 (c) and (d)
Sample 4 Fig. 5.20 (b) for d = 49.5 nm (green plot)
Sample 5 Fig. 5.20 (b) for d = 145 nm (red plot)
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Figure A.1: (a) Real and (b) imaginary part of nTiOx obtained from
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future applications. Chemical Society Reviews, 40(2):1081, 2011.
[154] L. Schlechte, B. Wehring, N. Klein, H. Beese, W. Graehlert, and S. Kaskel. Metal-
organic frameworks as humidity sensor. Sensoren und Messsysteme, 3:1–6, 2014.
[155] Z. Xie, L. Ma, K. E. DeKrafft, A. Jin, and W. Lin. Porous phosphorescent
coordination polymers for oxygen sensing. Journal of the American Chemical
Society, 132(3):922–923, 2010.
[156] A. Ranft, F. Niekiel, I. Pavlichenko, N. Stock, and B. V. Lotsch. Tandem MOF-
based photonic crystals for enhanced analyte-specific optical detection. Chemistry
of Materials, 27(6):1961–1970, 2015.
[157] F. Li, Y. N. Wu, W. Zhu, J. Cui, C. A. Tao, C. Lin, P. M. Hannam, and G. Li.
Metal-organic frameworks with a three-dimensional ordered macroporous struc-
ture: dynamic photonic materials. Angewandte Chemie - International Edition,
50(52):12518–12522, 2011.
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